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ABSTRACT 

Herein, a detailed investigation of nanodrugs derived by combining a chemotherapy (chemo) and photothermal 

therapy (PTT) approaches to enhance chemo drug efficacy is presented. Tamoxifen and its metabolite; N-

desmethyltamoxifen are the selected chemo drugs that were electrostatically attached with a PTT agent, NaIR820, 

via a metathesis approach to develop two different ionic material (IM)-based chemo-PTT drugs. Ionic 

nanomaterials (INMs) were synthesized  using  reprecipitation  method,  and  these  carrier- free nanoparticles were 

characterized in detail. Photophysical properties of NaIR820 parent compound, and their derived chemo-PTT IMs 

and INMs revealed significant alterations in absorption and fluorescence emission spectra of IR820. Photophysical 

results demonstrated that INMs exhibited promising characteristics as photothermal agents that are beneficial for 

light mediated therapy. Photothermal conversion efficiency and reactive oxygen quantum yield of INMs and IMs 

also improved significantly in comparison to the parent NaIR820 compound. In vitro cell viability studies 

demonstrated improved dark and light cytotoxicity of chemo-PTT INMs as compared to treatments that involved 

either the mixture of both soluble parent drugs and chemo or PTT drugs independently. Moreso, apoptotic cell 

death signal was greatly enhanced for the INMs as opposed to the parent chemo drugs.  
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1. INTRODUCTION 

Tamoxifen (Nolvadex) is a FDA approved antiestrogen medication used as a prophylactic against breast cancer and 

also as an adjuvant to the primary disease.
[1–3]

 It is also known to suppress P-gp (polyglycoprotein).
[4,5]

 Tamoxifen 

(TAM) has also been examined for a variety of diseases, including infertility, gynecomastia, cardiovascular conditions, 

bipolar disorder, colon and rectal cancer.
[4]

 The three active TAM‟s metabolites found in the human body by 

pharmacological test are N-desmethyltamoxifen (NDMTAM), 4-hydroxy-N-desmethyltamoxifen and 4-hydroxy-

tamoxifen.
[5]

 Of these three, NDMTAM is the major metabolite with closest bioactivity to TAM.
[2,5]

 Although TAM is 

prescribed to women with estrogen receptor (ER)-α-positive breast cancer, but it causes adverse effects such as 

resistance and increased risk of endometrial cancer.
[2,6–8]

 Therefore, researchers are exploring new strategies to increase 

TAM‟s effectiveness.  

 

Malignant cells are recognized for displaying diverse characteristics such as unclear mechanisms responsible for cell 

proliferation, metabolism and defense which impact the resultant toxicity towards cancerous cells upon different 

treatments.
[9,10]

 These properties makes it difficult for monotherapy to completely eradicate malignant lesions.
[3]

 MCF-7 

is a receptor positive breast cancer cell line that is highly responsive to TAM.
[3]

 Literature reports reveal that TAM 

exhibits a high half maximal inhibitory concentration (IC50) on MCF-7 cells and its cytotoxic response are typically 

observed at longer period of drug‟s incubation.
[5,11]

 Therefore, any additional improvement in TAM‟s potency could 

positively impact the treatment outcomes for hormone-positive breast cancer patients. 

 

Many approaches have been utilized to enhance the TAM‟s potency and lessen its side effects. These approaches 

include liposomal formulation
[1]

, drug encapsulation via micelle formulation,
[12]

 combination strategies,
[13]

 and 

optimization with other medication types like metformin.
[8,14]

 Among these, the use of combination strategies have been 

reported to effectively treat drug-resistant tumors.
[12,15]

 An example of combination therapy is the incorporation of non-

invasive light mediated therapy like photothermal therapy (PTT) along with chemotherapy (chemo). Thus, TAM‟s 

optimization in the presence of photothermal agents (PTAs) would introduce multiple mechanistic routes that will 

possibly target the cells differently and ultimately result in enhanced cytotoxic response.  

 

Recently, our group showed that combination drug prepared by combining chemo (doxorubicin-„DOX‟) and PTT 

(NaIR820) exhibited enhanced synergy and improved toxicity in MCF-7 breast cancer cells.
[16]

 The resultant 

combination drug, (DOX-PTT) exhibited F rster resonance energy transfer  FRET) capabilities that helped to improve 

the drug‟s PTT effect and allowed for investigation at either the donor‟s or the acceptor‟s excitation wavelength.
[16]

 To 

enhance the cytotoxicity of TAM, a similar strategy was employed to obtain a TAM-PTT combination drug. However, 

a significant challenge is that the TAM-PTT combination drug lacks the FRET mechanism, which was present in DOX-

PTT drug. This study is designed to answer whether FRET mechanism is essential to enhance the chemo-PTT INM‟s 

toxicity or only nanoparticle morphology is essential to attain lower IC50. 

 

Therefore, this work is designed to develop two chemo-PTT combination ionic materials (IMs) by combining TAM or 

NDMTAM and IR820, to produce [TAM][IR820] and [NDMTAM][IR820] with no FRET capabilities. In both 

[TAM][IR820] and [NDMTAM][IR820], there is no transfer of energy (FRET) from the donor to the acceptor since 

TAM or NDMTAM does not fluoresce. Thus, there is lack of spectra overlap between TAM or NDMTAM emission 

spectra and IR820 absorption spectra. These IMs were synthesized by implementing ionic liquid (IL) chemistry, simply 

by substituting the small counterion (chloride) present in TAM or NDMTAM with IR820 bulky anion. These two IMs 
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were converted into carrier-free ionic nanomaterials (INMs) via simple reprecipitation method in aqueous media and 

used to treat MCF-7 cancer cells. Thus, this project is aimed to determine whether the presence of FRET mechanism is 

essential or if nanoparticle‟s (INMs) morphology can impact the drug‟s efficacy. To completely understand the 

significance of IMs, we also devised a separate experiment involving the mixture of the two parent drugs (1:1 mixture 

of chemo and PTT) without counterions (Na
+
 and Cl

-
) removal. This allowed us to better appreciate the significance of 

IMs via IL chemistry to design combination drugs after eliminating spectator counterions. 

 

2. EXPERIMENTAL  

2.1 Chemicals 

Tamoxifen (TAM), 2-[2-[2-chloro-3-[[1,3-dihydro-1,1-dimethyl-3-(4-sulfobutyl)-2H-benzo[e]indol-2-ylidene]-

ethylidene]-1-cyclohexen-1-yl]-ethenyl]-1,1-dimethyl-3-(4-sulfobutyl)-1H-benzo[e]indolium hydroxide inner salt, 

sodium salt (NaIR820, Lot # SHBM1333), Phosphate buffer (PBS) pH 7.4, 1.3-diphenylisobenzofuran (DPBF, Lot # 

STBD0599V), concentrated hydrochloric acid (HCl) and dimethyl sulfoxide (DMSO) were purchased from Sigma- 

Aldrich, (ST. Louis, MO). Triply deionized water (18.2 MΩ cm) was obtained via a pure lab Ultrapure water 

purification system (ELGA, Woodridge, IL). Dichloromethane (DCM) and ethanol were of ACS grade and sourced 

from Thermo Fischer (Waltham, MA). 808 nm laser was purchased from Opto Engine LLC (Midvale, UT, US). MCF-7 

cancerous cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). Cell media 

 Dulbecco‟s Modified Eagles Medium  DMEM), MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide), fetal bovine serum (FBS) was obtained from Atlanta Biologicals (Lawrenceville, GA). Penicillin 

streptomycin, and Trypsin-EDTA (0.25%) were purchased from Caisson Lab (Smithfield, UT). Oxazole yellow oxide 

(YO-PRO 1) (LOT # 1597071) was purchased from Thermo Fisher Scientific and propidium iodide (PI) (Lot # 

21P0211) was obtained from Biotium company (Fremont, CA). 

 

2.2 Synthesis and characterization of tamoxifen-based chemo combination drugs  

Synthesis of TAM-based chemo-combination drugs involve a facile, rapid, economical biphasic ion exchange method. 

TAM was first converted to its acidic salt (tamoxifen hydrochloride) by reacting with equivalent mole ratio of HCl in 

ether according to synthesis scheme in Figure 1 below. The salt form was isolated, and solid precipitate was 

recrystallized. TAM hydrochloride (TAM.HCl), the chemotherapeutic drug was dissolved in DCM, while NaIR820 was 

dissolved in water. For [TAM][IR820] synthesis, equivalent mole ratios of TAM.HCl i.e, (100mg) and NaIR820 

(222.6mg) solution previously prepared in DCM and water separately were combined and stirred for 24 hr at room 

temperature for complete ion exchange reaction. Water layer containing sodium chloride (spectator counterions) was 

discarded, and the organic layer was washed repeatedly with water to get rid of any remaining salt. The aqueous layer 

was tested with silver nitrate to ensure complete removal of chloride ions in the reaction vessel. The organic layer 

containing the product was dried via rotary evaporator to remove the DCM, and the resultant [TAM][IR820] IM was 

subjected to lyophilization to eliminate the excess moisture prior to further studies.  

 

Similarly, [NDMTAM]Cl was used to synthesize [NDMTAM][IR820] IM using the same protocol stated above. 

Synthesis scheme for [NDMTAM][IR820] IM was reported in Figure S1 of the supporting information (SI). All 

chemo-PTT combination IMs were characterized using electrospray ionization mass spectrometry (ESI-MS), which 

was performed using a Bruker (Billerica, MA) Ultraflex 9.4T in methanol solvent, and the results are shown in Figure 

S2. The combination drugs was confirmed using mass to charge ratio peaks. These chemo-PTT IMs are further 
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characterized using 
1
H-NMR recorded on a JEOL 400 MHz nuclear magnetic resonance instrument, employing 

deuterated dimethyl sulfoxide (DMSO) as solvent system. NMR results are reported in Figure S3. 

 

 

Figure 1. a) Structural formular of all chemo and photothermal drug b) Synthesis scheme for [TAM][IR820] 

Ionic material. 

 

2.3 Synthesis and characterization of INMs 

All INMs were prepared using a simple reprecipitation method in aqueous media (water or cell media) from IMs stock 

solution that was initially prepared in either ethanol or DMSO according to previously reported protocol.
[17]

 Briefly, a 

dropwise addition of 1 mM stock solution (prepared in ethanol or DMSO) of the combination drug (IM) was introduced 

into a glass vial containing aqueous media in an active sonication bath. The content of the vial was sonicated for 5 mins 

and subjected to 15 mins rest period before any further measurement. For cellular studies, INMs were prepared in cell 

media. Whereas spectroscopic measurements were performed with INMs prepared in water from IMs in ethanol. The 

zeta potential and hydrodynamic diameter of the INMs prepared in DI water were determined using a Zetasizer pro red 

Malvern Instrument (Malvern Panalytical Limited, Westborough, MA) employing the dynamic light scattering method 

(DLS). Time dependent DLS size distribution and zeta potential of both INMs are reported in Table S1.  

 

2.4 Photophysical properties 

A UV-visible absorption spectrometer (Agilent Cary 5000, Santa Clara, CA) and a fluorometer (Horiba FluoroMax, 

Kyoto, Japan), were used to record the absorption and fluorescence emission spectra of the parent compounds, the 

synthesized IMs, and the INMs. Starna quartz cuvettes polished with two sides and a 10 mm pathlength were used for 

absorbance measurement. While for the fluorescence measurement, a starna quartz cuvette having four polished sides 

with 1 cm pathlength was used. All samples were measured at 826 nm excitation wavelength, same slit width, 

integration time of 0.1 s, and at right angle geometry.  

 

2.5 Light to heat conversion efficiency 

One important factor in selecting materials for photothermal therapy is the efficiency of PTA agent to convert absorbed 

light into heat. PTT dyes are commonly known for heat generation upon sufficient absorption of light. Determination of 
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a drug‟s photothermal effect requires the close monitoring of the dye‟s heating and cooling behavior upon laser 

irradiation overtime. To examine the PTT effect of the synthesized INMs, the drugs were prepared in cell media via 

simple reprecipitation method as previously stated in the nanoparticle synthesis (section 2.3). In a typical on-bench PTT 

experiment, a 1 mL (50 µM) solution of the NIR parent compounds or INMs was exposed to an 808 nm laser with 1 

Wcm
-2

 power for 5 mins. A thermocouple probe was used to record the temperature of the solution for every 30 secs. 

This experiment was conducted for 5- 10 mins, with the first 5 mins to record the increasing temperature of the drug 

(laser turned off at the 5
th

 min) while the cooling temperature of the drug was recorded during the last 5 mins. 

 

2.6 Reactive oxygen species (ROS) generation 

Reactive oxygen species generation quantifies the photosensitizer‟s ability to produce ROS upon absorption of light. 

Since the 808 nm was used to investigate the light to heat conversion efficiency, it is quite possible that IR820 after 

absorption of laser light can undergo different routes as well such as photodynamic therapy (PDT). Photosensitizer like 

NaIR820 have been reported to induce ROS and exhibit some PDT effect.
[16,17]

 Therefore, ROS production experiment 

were performed for the parent NIR dye and IMs separately to explore the changes in ROS production of the respective 

parent NIR dyes as compared to their chemo-PTT IMs. ROS experiment was performed by mixing a parent NIR dye 

solution or IM solution with DPBF probe solution prepared in ethanol. Briefly, NIR dye and DPBF were separately 

prepared in ethanol and equal volume of DPBF was added to the NIR dye solution separately to yield a resulting 

concentration of 10 µM drug in 200 µM DPBF. Upon irradiation of the mixture with IR 808 nm laser, the rate of ROS 

generation was determined by measuring the decrease in absorbance of DPBF probe at 411 nm after every 15 sec 

intervals for a period of 45 secs using the UV-Vis absorption spectrophotometer. NaIR820 was used as a standard for 

quantifying the ROS production of the parent NIR drugs and combination drug in ethanol according to Equation 1. 

 

 

where S represents the slope obtained from the plot of absorbance of the sample versus irradiation time, A is the 

absorbance of sample at the excitation wavelength in the absence of the probe, subscript „un‟ stands for the unknown 

samples analyzed, and subscript „std‟ represents the standard.  represents the ROS quantum yield. 

 

2.7 Photostability measurements 

A drug suitable for phototherapy should be highly photostable over the period of treatment. To investigate the 

photostability of the free NIR dyes or chemo-PTT combination drugs, 2 µM sample was prepared separately from 

ethanol stock and further subjected to fluorescence measurements in kinetic mode at interval of 0.1 sec over the course 

of 30 mins. Measurements were performed using a four-sided polished window quartz cuvette with 1 cm pathlength. 

Photostability measurement was performed at 826 nm excitation while excitation/emission slit widths were set for 

14/14 nm. 

 

2.8 Cellular uptake 

Cellular uptake was designed based on previously reported protocol.
[16,18]

 Cells at a seeding density of 1 x 10
6 

cells per 

well were plated in a six well plate and incubated for 24 hr. Cells in each well were treated with 20 µM of parent NIR 

dyes or INMs prepared in cell media, with a total volume of 2.5 mL in each well and incubated for 6 or 8 hr. After 

allotted time, cells were washed thoroughly with PBS three times to eliminate any uninternalized drugs. Cells were then 
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lysed with 2.5 mL DMSO to expose the internalized drugs and then quantified by UV-Vis absorption 

spectrophotometer. 

 

2.9 Cell viability studies 

The cell viability of the drug is determined in the dark as well as under laser irradiation. For this experiment, MCF-7 

cell lines were cultured in a monolayer at 37 
o
C and 5 % CO2 in complete media. MCF-7 cells were grown in DMEM 

supplemented with FBS (10% v/v) and antibiotic solution containing penicillin/streptomycin (500 units/mL). Once the 

desired confluency is attained, the cells were trypsinized and stained with trypan blue exclusion dye, and then counted 

using a hemocytometer.  

 

For dark cytotoxicity experiment, 1 x 10
4
 cells per well were plated in 96-well plates and incubated for 24 hr in the dark 

at 37 
o
C with 5 % CO2. Different concentrations of INMs were prepared by reprecipitating stock solution in DMEM 

media under sonication, while maintaining a sterile environment. After that, cells were treated with various INMs 

concentration for 48 or 72 hr. For an experiment involving the mixture of both therapeutic drug, both chemo drug and 

the PTA agent, i.e TAM.HCl or NDMTAM.HCl and NaIR820, (including their counterions- Cl
- 

and Na
+
) were 

prepared separately in cell media. Next, the drugs were introduced (one after the other) in MCF-7 cells and incubated 

for 48 or 72 hr. To prevent cellular toxicity, the usage of DMSO was limited to a maximum of 0.5 percent. Each 

experiment was accompanied with complete media and DMSO controls. After the allotted time, uninternalized drugs 

were aspirated and the cells were washed with PBS prior to the determination of cell viability with MTT assay. A 

microplate reader (Biotek Synergy H1, Winooski, VT) was used to determine the optical density of MTT-formazan at 

570 nm. Each in vitro experiment was performed in triplicate and repeated three times. Unless otherwise stated, all data 

showing error bars are presented as mean + standard deviation (SD). The statistically significant difference in the mean 

values was determined using the two-tailed student “t” test. Values with significant difference are denoted as *p < 0.05, 

**p < 0.01, and ***p <0.005. 

 

The light toxicity experiments were investigated to ascertain the phototherapeutic efficacy of the parent NIR dyes as 

well as the newly developed chemo-PTT INMs. For this experiment, 1 x 10
4
 cells were seeded in alternating wells in a 

96 well plate and incubated for 24 hr. Cells were further exposed to INMs or parent dyes prepared in cell media and 

incubated for 6 hr. After incubation, the drug containing media was aspirated and washed with PBS to eliminate excess 

drugs prior to replacement with the fresh cell culture media. Each well containing treatment was irradiated with a near-

infrared laser (808 nm, 1 Wcm-2) for 5 mins. A similar control experiment with identical conditions was conducted 

alongside, but with no exposure to light. Upon completion of the irradiation, the well plate was incubated for an 

additional 24 hr before assessment of cell viability via MTT assay.  

 

2.10 Cell death mechanism  

Flow cytometry was conducted using PI (propidium iodide)/YO-PRO staining. Cells were plated at approximately 1 x 

10
6
 cells per well in a 6 well plate and incubated overnight. Next, cells were washed with PBS (pH 7.4) and treated 

with 20 µM INMs for 48 hr. After drug treatment, both floating and adherent cells were harvested by addition of 0.5 

mL trypsin. Cells were further monitored closely for complete detachment under the microscope. This step was 

proceeded with trypsin‟s neutralization with 1 mL serum containing media. The cells mixture was then transferred into 

a centrifuge tube and spun for 5 mins at 1100 RPM. Following a 5 min centrifugation, the cell pellet was washed with 

cold PBS and re-centrifuged again for an additional 5 mins. In accordance with the manufacturer‟s protocol, 1 µL of PI 
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and YO-PRO solutions were added to the cells that were resuspended in 0.25- 0.5 mL PBS in flow cytometry tubes. 

The tubes containing cells were kept in ice-bath and proceeded for flow cytometry data collection. 

 

3. RESULTS AND DISCUSSION 

3.1 IMs Characterization 

IR820- based IMs were characterized in detail to investigate the presence of cation and anion in the combination drugs 

as well as the purity of the compound. Both synthesized IMs, i.e [TAM][IR820] and [NDMTAM][IR820] were 

characterized using ESI-MS. The mass-to charge ratio peaks in the positive and negative ion mode confirmed the 

presence of both the cation and anion in the [TAM][IR820] and [NDMTAM][IR820] IMs. An expected m/z
+
 peak of 

371.5 was calculated for TAM cation which is observed in positive ion mode with an experimental value of m/z
+
 peak 

at 372.2 for [TAM][IR820]. In negative mode, the experimental m/z
-
 peak for IR820 at 825.3 corresponds to a 

calculated value of 826.4 for [TAM][IR820].  

 

Similarly, for [NDMTAM][IR820] IMs, an expected m/z
+
 peak of 357.5 was calculated for NDMTAM cation which is 

observed in positive ion mode with an experimental value of m/z
+
 of 358.2. In negative ion mode, the experimental 

m/z
+
 peak at 825.2 correlates with the calculated value of 826.4 for [NDMTAM][IR820]. Mass spectra data for all 

compounds are shown in Figure S2 (SI). These IMs were further characterized using 
1
H- NMR. NMR spectra are 

presented in Figure S3 in SI.  

 

3.2 INMs characterization 

All INMs were characterized using dynamic light scattering (DLS) measurements to examine the solvated diameter of 

the nanoparticles. The observed sizes for all INMs are summarized in Table S1 (SI). Zeta potential measurements were 

also performed using Zetasizer pro red Malvern instrument to determine the surface charge of the particles, and the 

results are also presented in Table S1. It was observed that the [TAM][IR820] INMs and [NDMTAM][IR820] INMs 

exhibited a negative surface charge.  

 

3.3 Photophysical properties 

Photophysical properties of all parent NIR compounds, newly developed IMs and INMs were all carefully investigated 

in water and ethanol. The observed alterations in the absorption and fluorescence emission spectra of all combination 

drugs in both solvents were recorded and compared with respective parent compounds. 

 

In ethanol, NaIR820, [TAM][IR820] and [NDMTAM][IR820] all exhibited similar absorption spectra with the 

absorbance maxima wavelength recorded at 826 nm along with a shoulder peak around 750 nm (Figure 2a). In addition, 

the molar absorptivity of IR820 anion increased in both [TAM][IR820] and [NDMTAM][IR820] IMs in comparison to 

NaIR820 in ethanol. In water, all the three compounds showed a broader spectrum that absorbs a wide range of 

wavelengths of electromagnetic radiation. NaIR820 showed absorption spectra with two peaks at 688 nm and 817 nm. 

Interestingly, a red shift was observed at both peaks for [TAM][IR820] and [NDMTAM][IR820] INMs in water from 

688 nm to 735 nm and from 817 nm to 835 nm. A bathochromic shift as well as a broader spectrum (Figure 2b) was 

observed for both INMs that demonstrate a longer wavelength NIR absorption of light by INMs which is highly 

desirable for deeper penetration of tissues to treat deep seated tumors. It was also observed that both INMs exhibited a 

higher molar absorptivity value as compared to the parent NaIR820 in water as reported in Table S2.  
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Figure 2: Absorption spectra of 5 µM of [TAM][IR820], [NDMTAM][IR820] INMs and NaIR820 compound in 

a) ethanol b) water. 

 

Fluorescence emission spectra of NaIR820 parent compound, derived chemo-PTT IMs and INMs samples are 

presented in Figure 3. When IMs were excited at 750 nm wavelength, the fluorescence emission intensity of 

[TAM][IR820] IM in ethanol was found to increase slightly as compared to the parent NaIR820 dye as shown in Figure 

3a. There were no significant changes in the fluorescence emission spectra for both [NDMTAM][IR820] and NaIR820 

in ethanol. In contrast, when the INMs were excited at 750 nm wavelength, both [TAM][IR820] and 

[NDMTAM][IR820] INMs depicted a tremendous decrease in fluorescence emission intensity when compared with 

NaIR820 parent compound in water (Figure 3b). Similarly, there were no alterations in the fluorescence emission 

wavelength except with a decrease in their fluorescence intensity when compared with their respective parent 

compound. A decrease in the fluorescence emission intensity for both INMs is expected due to the nanoparticle 

formation as opposed to the soluble drugs prepared in ethanol. Another excitation wavelength experiment was designed 

to investigate the effect of excitation wavelength. This is to investigate any potential alterations in their fluorescence 

spectra when excited at either the shoulder peak or the absorbance maximum wavelengths (Figure 3c and d). In ethanol, 

NaIR820 parent compound exhibited the highest fluorescence intensity as compared to both IMs. However, in water a 

similar trend existed for NaIR820 with the highest fluorescence intensity as opposed to both [TAM][IR820] and 

[NDMTAM][IR820] INMs. This decrease in fluorescence emission intensity in TAM base INMs is indicating the 

possibility of non-radiative rate.
[16]

 Therefore, we expect that INMs are more suitable as a photothermal agent as 

compare to the soluble IR820. 
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Figure 3: Fluorescence emission spectra of [TAM][IR820], [NDMTAM][IR820] IMs and parent NaIR820 

compound in a) ethanol at 750 nm excitation wavelength b) water at 750 nm excitation wavelength c) ethanol at 

820 nm excitation wavelength d) water at 820 nm excitation wavelength. Sample concentration of 5 µM. 

 

3.4 Photostability 

The photostability of all PTAs were investigated by recording the fluorescence emission of the drug over a period of 30 

mins while continually exposed to radiation at their respective excitation wavelengths. In this experiment, the slit width 

was set to 14/14 nm. The photostability results (Figure S4) for NaIR820 parent compound, derived chemo-PTT IMs, 

and INMs showed that all the compounds are photostable within the period of study. 

 

3.5 Light to heat conversion efficiency 

Heat generated by a PTA upon absorption of light is quantified by the light to heat conversion efficiency. NIR dyes are 

known as potential photothermal therapy candidates. Hence, it is necessary to analyze the alterations in the PTT 

behavior of the parent NaIR820 dye when converted to INMs upon exposure to IR 808 nm laser. The light to heat 

conversion efficiency of parent NaIR820 compound and derived chemo-PTT INMs were measured in cell media. Light 

to heat conversion efficiency graphs for the PTA and INMs in cell media are reported in Figure 4. From the light to 

heat conversion curves, it was observed that the temperature of INMs or PTA generally enhanced with increasing 

irradiation time as compared to the control (cell media). This signifies that the INMs as excellent PTAs that convert the 

absorbed 808 nm laser light to heat energy. The light to heat conversion efficiency were computed using the light to 

heat conversion efficiency Equations S1-S4 (SI), with the summarized results reported in Table 1. Light to heat 

conversion efficiency results showed that both [TAM][IR820] and [NDMTAM][IR820] INMs performed better as 

compared to the parent NaIR820. The result reported in Table 2 demonstrated that the PTT activity of the NIR dye was 

improved upon conversion to INM. An increase in the light to heat conversion efficiency of both [TAM][IR820] and 
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[NDMTAM][IR820] INMs in comparison to NaIR820 parent compound validated the enhancement of non-radiative 

transition as observed by the decreased fluorescence emission (Figure 3b and d). In essence, the lower fluorescence 

emission exhibited by both INMs depicts that the compound (upon absorption of light) preferably relaxes to ground 

state by generating heat. This signifies the importance of nanoparticle morphology which is essential to attain high 

phototherapeutic effect by a photosensitizer. 

 

 
Figure 4: Light to heat efficiency curve for NaIR820, [TAM][IR820] and [NDMTAM][IR820] INMs in cell 

media. Error bars are presented as mean + standard deviation (SD). 

 

Table 1: Photothermal efficiency (𝝶) for both INMs and parent dyes in different media. 

Drugs 𝝶 in cell media (%) 

NaIR820 13.51 

[TAM][IR820] 16.96 

[NDMTAM][IR820] 14.63 

 

3.6 ROS generation  

Since PTA drugs have also been reported to generate ROS,
[16–18]

 the reactive oxygen quantum yield was investigated to 

further elucidate the other light mediated mechanism that the IR820 based drug can utilize after absorption of the 

808nm laser light. ROS quantification experiment was designed to determine the photodynamic activity of IMs in the 

presence of TAM and NDMTAM counterions. ROS quantum yields of NaIR820 parent compound and derived chemo-

PTT IMs were determined in the presence of a commonly used molecular probe (DPBF) that scavenges ROS. In the 

presence of ROS, the yellow coloration of DPBF turns colorless (1,2-dibenzoyl benzene), and the ROS generation is 

quantified by recording the rate of decrease in absorbance of DPBF upon irradiation at the wavelength maxima of the 

photosensitizer.
[16,18]

 Figure S5 shows the decrease in DPBF absorbance upon increasing irradiation time in the 

presence of the [TAM][IR820] IM. A control experiment investigating the photostability of DPBF only, has been 

previously reported by our group to show that ROS is not produced by DPBF except in the presence of a 

photosensitizer.
[17]

 The ROS quantum yield was calculated using Equation 1, and the slope was calculated from the 

graph shown in Figure S6. ROS quantum yield results for both IMs exhibited a slight increase as compared to the 

parent soluble drug (Table S3). This slight enhancement of the PDT activity of IR820 is attributed to the presence of 

the TAM and NDMTAM counter anion. Thus, it is validated that counterion can affect PTT and PDT activity of a 

photosensitizer. Upon comparing the PDT and PTT results, the PTT activity is more dominant as compared to PDT 

mechanism. Thus, the tumor will be mainly ablated by the PTT mechanism and slightly eradicated by the PDT 

mechanism in these TAM based combination INMs. 



World Journal of Pharmaceutical Science and Research                                                        Volume 3, Issue 5, 2024 

464 www.wjpsronline.com 

3.7 Cellular uptake 

Cellular uptake of both INMs and parent NaIR820 soluble compound were investigated overtime in MCF-7 breast 

cancer cells to examine the effect of the nanodrug‟s morphology in comparison to the soluble free NIR dye. The time 

dependent cellular uptake of NaIR820 soluble parent NIR dye and INMs in MCF-7 cells are reported in Figure S7 (SI). 

Nanoparticles are known to be greatly accumulated within the tumor as opposed to the soluble drugs due to EPR 

effect.
[19]

 This is evident by the increased concentration of the INMs in MCF-7 cells as compared to the parent drug as 

shown in Figure S7 (SI). The soluble parent dye or INMs internalized by the cells was quantified using a UV-Visible 

spectrophotometer. It was observed that the cellular uptake of [NDMTAM][IR820] and [TAM][IR820] INMs was 

significantly increased in comparison to NaIR820 parent compound for the duration of study. Further examination of 

the cellular uptake of the drugs revealed a slight decrease in the uptake for both [TAM][IR820] and 

[NDMTAM][IR820] INMs in MCF-7 cells overtime. This could be attributed to the nanoparticle morphology of the 

INMs (Figure S7). The highest uptake was observed for [NDMTAM][IR820] as compared and [TAM][IR820] INMs 

which is attributed to the size of [NDMTAM][IR820] INM. 

 

3.8 In vitro cellular dark toxicity of INMs 

In vitro cytotoxicity is determined to examine the performance of the combination drugs (INMs) with respect to the 

chemotherapeutic or photothermal NIR dyes separately. First the dark toxicity of the INMs and their parent compound 

were evaluated. Our group have previously examined the dark cytotoxic response of NaIR820 towards MCF-7 cells, 

and it was completely nontoxic to MCF-7 cells at a concentration range below 20 μM.
[16]

 Whereas, TAM and 

NDMTAM, the chemotherapeutic drugs are known to be cytotoxic towards cancerous cells and their cytotoxicity 

increases when exposed to cells for longer period of time.
[3,5,11]

 In this work, TAM IC50 decreased over time but no 

change in IC50 was observed for NDMTAM. Therefore, it is crucial to understand how the chemotherapeutic activity 

changes in the presence of the NIR dye counteranions. In vitro cytotoxicity of all drugs was investigated at 48 and 72 

hr. Figure 5a and b shows the dark cytotoxicity results for all TAM and NDMTAM-based derivatives investigated for 

48 and 72 hr, respectively. The summarized IC50 results for all INMs are also reported in Table 2. Examination of the 

dark plate results revealed that [TAM][IR820] INMs showed an enhanced cytotoxic performance towards MCF-7 cells 

as compared to the parent chemotherapeutic drug (TAM). The IC50 value is almost half for 72 hr cell viability study. 

[NDMTAM][IR820] INMs also exhibited an increased cytotoxic response in relation to NDMTAM due to the 

nanoparticle morphology and enhanced cellular uptake. Furthermore, examination of the dark cytotoxicity results for 

both TAM, NDMTAM and their respective INMs chemotherapeutic drug revealed that there was no significant 

difference in their IC50 value but TAM is slightly more toxic than NDMTAM. These results could possibly signify that 

the absence of the methyl group in the NDMTAM as opposed to TAM did not significantly impact the cytotoxic 

performance of the drugs towards MCF-7 cells.  

 

To further understand the significance of ionic liquid chemistry used for the development of the INMs (combination 

drug), a dark cytotoxicity experiment was designed using a mixture of both soluble parent drug (TAM chemo parent 

and NaIR820) in MCF-7 cells. This experiment was aimed to unveil the therapeutic efficacy of the INMs as opposed to 

treatment involving separate addition of both soluble chemo and PTT drug without removal of sodium chloride 

counterions. For this study, a similar dark cytotoxicity experimental procedure was employed. Both chemo drug and the 

PTA agent, i.e TAM.HCl or NDMTAM.HCl and NaIR820, (including their counterions- Cl
- 
and Na

+
) were prepared 

separately in cell media. Next, the drugs were introduced (one after the other) in MCF-7 cells and incubated for 48 or 
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72 hr. Figure S8 shows the cell viability graph for both therapeutic agents added in the parent forms. The cell viability 

results for the mixture of two parent compounds (soluble drugs) showed lesser cytotoxic effect (increased IC50) towards 

MCF-7 cells as compared to the treatment with the INMs (Table 2). The decreased cytotoxic response exhibited by the 

mixture of parent compounds treatment is possibly attributed to the lower uptake of soluble drugs. It is worth pointing 

out that the soluble drugs mixture could not perform well possibly due to the presence of Na
+
 and Cl

-
 counterions. 

However, the INMs are completely free from Na
+
 and Cl

-
 (removed during IM synthesis) and their enhanced 

cytotoxicity could be ascribed to their nanoparticle morphology, increased cellular uptake, and enhanced EPR effect 

towards the tumor cells.  

 

To further elucidate the effect of the presence of the NIR dyes incorporated to the chemotherapeutic drug in the 

nanoparticle form, it is crucial to investigate the photothermal effect of the drugs in the presence of NIR light 

irradiation. Therefore, the newly developed INMs were subjected to light irradiation in vitro. 

 

 
Figure 5: Dark cytotoxicity results for TAM, NDMTAM parent compounds, TAM and NDMTAM-based INMs 

in MCF-7 cancer cells at various concentrations for a) 48 hr and b) 72 hr drug incubation. p values are 

determined using two-tailed student’s t-test and are reported as *p< 0.05, **p< 0. 01, ***p< 0.005. 

 

Table 2: Cell viability results (dark study) for all parent drugs, INMs and mixture of the soluble parent 

compounds in MCF-7 cells (μM). 

Drug (INMs) IC50 values (dark study-48 hr) IC50 values (dark study-72 hr) 

TAM 10.2 + 0.3 9.6 + 0.55 

[TAM][IR820] 7.3 + 2.05 4.8 + 1.1 

NDMTAM 10.7 + 1.5 10.7 + 1.2 

[NDMTAM][IR820] 7.5 + 0.6 6.8 + 1.2 

TAM.HCl + NaIR820 15.2 + 1.3 11.1. + 0.05 

NDMTAM.HCl + NaIR820  12 + 0.5 10.3. + 0.1 

 

3.9 In vitro photo-thermal effects of INMs 

Light cytotoxicity is determined to assess the photothermal cytotoxic response of the chemo-PTT combination drugs as 

opposed to the parent NaIR820 dye. According to the on-bench light-to-heat conversion efficiency data, the INMs 

effectively generated heat in the cell medium. Therefore, in vitro PTT capability of the drugs was examined in the 

presence of NIR 808 nm laser. For this experiment, MCF-7 cells were subjected to 6 hr of drug incubation, followed by 
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light irradiation. We have previously investigated the light cytotoxicity of NaIR820 dyes on MCF-7 cells.
16

 Figure 6 

and Table 3 shows the light cytotoxic results for NaIR820, TAM and NDMTAM-based INMs towards MCF-7 cells. It 

was observed that only [TAM][IR820] and [NDMTAM][IR820] INMs exhibited a higher light cytotoxicity response as 

compared to the parent free dye. This is evident from the lowered IC50 value. The increased cytotoxic effect of both 

IR820 based INMs is attributed to their nanoparticle morphology, enhanced cellular uptake, weak fluorescence 

emission intensity, their improved ROS quantum yield and light to heat conversion efficiency. Similar light experiment 

was performed for the mixture of both soluble parent drugs to MCF-7. The result from the light plate indicated that the 

INMs exhibited increased cytotoxic response (Figure 6) in comparison to the mixture of parent soluble drugs (Figure 

S9) due to the nanoparticle morphology and cellular uptake of the particles in MCF-7 cells. The outcomes of the 

experiments on the cytotoxicity of the INMs under light and dark led to the curiosity to investigate the interaction or 

relationship between the chemotherapeutic and photothermal moiety. Thus, the combination index of the chemo-PTT 

combination INMs and the mixture involving two parent soluble drugs was calculated. 
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Figure 6: Photo cytotoxicity of TAM and NDMTAM-based INMs in MCF-7 cancer cells incubated for 6 hr 

followed by 5 min irradiation with 808 nm laser (1 Wcm
-2

). p values are determined using two-tailed student’s t-

test and are reported as *p< 0.05, **p< 0.01, ***p< 0.005. 

 

Table 3: Cell viability results for light study on MCF-7 (μM). 

Drug (INMs) IC50 Values (Light study 6 hr+) 

[TAM][IR820] 7.56 + 0.99 

[NDMTAM][IR820] 9.10 + 1.05 

NaIR820 
16

 24.01 + 0.99 

TAM.HCl + NaIR820 28.7 + 0.5 

NDMTAM.HCl + NaIR820 24.03 + 0.3 

 

3.10 Combination Index (CI) 

Since our chemo-PTT combination INMs are composed of both chemo and photothermal agents, their degree of 

interaction can be investigated using the combination index (CI). The Chou-Talalay method
[20]

 was used to examine the 

degree of interaction of drug combinations, as shown in Equation 2. A CI value ranging from 0.90-1.10, 0-0.99, and 
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greater than 1.1 represents a nearly additive, synergistic and an antagonistic interaction. If both medications have an 

additive effect, the specific negative effects of one medication can be lessened while still achieving the same level of 

therapeutic efficacy.  

 

 

Where IC50 (A+B) represents the IC50 value for chemo-PTT combination drug and IC50 A or B represents IC50 value of 

chemotherapeutic drug and PTT drug respectively. 

 

In this case, the chemo and photothermal agent represents A and B, respectively. It was observed that both 

[TAM][IR820] and [NDMTAM][IR820] INMs had CI of 1.03 and 1.07 for the 48 hr study, indicating a nearly additive 

combination of the two therapies. Interestingly the CI was slightly lower for [TAM][IR820] INMs when investigated at 

longer time (72 hr) that depict the great synergy between chemo and PTT drugs. Table 4 shows the CI for all treatments 

involving INMs as well as the mixture of two parent drugs at different time. The CI result revealed an additive effect 

for INMs (CI value nearly 1), and an antagonistic interaction between parent chemo and NaIR820 mixture as the 

soluble drugs (CI value above 1). This result answers the lower toxicity of the parent compound mixtures in vitro study. 

Examination of results revealed that ionic liquid chemistry is significantly enhancing the synergism between two drugs 

thus it is important to develop combination drugs using ionic liquid chemistry and remove the spectator counterions. In 

addition, the cytotoxicity of both chemo and PTT mechanisms in combination INMs are improved in the absence of 

FRET phenomenon. Thus, it further validates that ionic liquid chemistry to develop combination nanomedicines is a 

promising strategy to attain enhanced therapeutic efficiency. This study is designed to validate the ionic liquid 

chemistry and presence/absence of FRET mechanism; Thus, no other cell lines were tested.  

 

Table 4: Combination index for all the chemo-PTT combination INMs and the independent treatment involving 

parent soluble drugs. 

Drugs CI for 48 hr study CI for 72 hr study 

[TAM][IR820] 1.03 0.815 

[NDMTAM][IR820] 1.07 1.01 

TAM.HCl + NaIR820 2.68 1.79 

NDMTAM.HCl + NaIR820 2.12 1.33 

 

3.11  Cell death mechanism 

The enhanced cytotoxicity results directed us to design a new experiment about the cell death mechanism. A 

quantitative analysis like flow cytometry is useful for determining the mode of cell death such as apoptosis or necrosis. 

Flow cytometry results are shown in Figure 7a-e. Total apoptosis cell death was determined by adding up the 

percentage of cells undergoing both early and late apoptosis. As evident from the flow cytometry results, total apoptotic 

response of parent TAM was about 5.2 % which is also very similar to the apoptotic signal recorded with cells treated 

with NDMTAM (5.5 %). This is consistent with the previously reported cytotoxicity results of TAM-based drugs 

(Table 2). It is very important to investigate the cell death mechanism of newly developed INMs since these they 

exhibited improved cytotoxicity. Interestingly, the apoptotic signal for both [TAM][IR820] and [NDMTAM][IR820] 

INMs was significantly enhanced when the parent chemotherapeutic drugs were modified to nanoparticles. For 

treatment involving [NDMTAM][IR820] INMs, the percentage apoptosis was increased by three times (16.6 %) in 

relation to the parent NDMTAM (5.5 %). More significantly, a greater percent apoptosis signal of 38.5 % was observed 
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for [TAM][IR820] INMs in dark. This represents more than seven-times increase in the apoptotic signal response in 

comparison to TAM‟s. It demonstrated that NIR counteranions impacted the TAM‟s efficacy and led to an accelerated 

apoptotic cell death mechanism. Moreover, the notable apoptotic response from both INMs was also attributed to 

enhanced EPR effect of the nanodrugs inside the tumor. Therefore, it is important to highlight that IM chemistry 

strategy enhanced the potency of TAM and its metabolites, NDMTAM without any FRET mechanism.  

 

 

Figure 7: a-e) Flow cytometry results using YO-PRO/propidium-iodide (PI) staining of MCF-7 cells treated 

separately with 20 μM TAM, NDMTAM parent compound, [TAM][IR820], and [NDMTAM][IR820] INMs after 

48 hr drug incubation. Numbers in quadrants show percentages (%) of total cell populations. Data from flow 

cytometry experiments were represented here in the form of bar graphs. Error bars are presented as mean + 

standard deviation (SD). 

 

4.0 CONCLUSION 

Two distinct tamoxifen and N-desmethyl TAM based NIR IMs were successfully developed using the ionic liquid 

chemistry strategy via a simple ion exchange reaction. Then, carrier-free INMs were directly prepared from the IMs via 

a simple reprecipitation method. Detailed photophysical characterization of both nanodrug signifies their potential to be 

clinically relevant due to their tendency to absorb longer wavelength electromagnetic radiation. On bench photothermal 

investigation of both TAM and NDMTAM-based ionic nanomedicines revealed improved light-to-heat conversion 

efficiencies as opposed to their respective parent compounds. In addition, both nanodrugs also showed an increase in 

ROS quantum yield as compared to the parent NIR dye with [NDMTAM][IR820] exhibiting a greater degree of PDT 

activity. Cellular uptake results also depicted that MCF-7 cells had increased uptake for both [TAM][IR820] and 

[NDMTAM][IR820] nanoparticles as opposed to the soluble NIR dye. In vitro light and dark cytotoxicity was also 

enhanced significantly for both INMs as opposed to the parent chemo, NIR dye and the mixture of two parent soluble 

drugs. Degree of interaction were obtained to be mostly additive for both TAM and NDMTAM-based ionic 



World Journal of Pharmaceutical Science and Research                                                        Volume 3, Issue 5, 2024 

469 www.wjpsronline.com 

nanomedicines as opposed to the treatment involving mixture of parent drugs which exhibited antagonistic behavior. 

Interestingly, both INMs exhibited an increased apoptosis cell death mechanism (more than three-seven times) in 

relation to the parent chemotherapeutic drugs. Collectively, these observations suggests that INMs strategy can be used 

to better enhance the potency of TAM and NDMTAM chemotherapeutic drugs. Additionally, both [TAM][IR820] and 

[NDMTAM][IR820] INMs have the potential to be used as chemo-PTT combination drugs even though they lack 

FRET capabilities. 
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Figure S1: Synthesis scheme for [NDMTAM][IR820] Ionic material. 
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Figure S2: ESI-MS for [TAM][IR820] in the a) positive ion mode b) negative ion mode c) ESI-MS for 

[NDMTAM][IR820] in the positive ion mode and d) in negative ion mode. 

 

b 

 

c 

 

d 
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a) NMR spectra of Tamoxifen Hydrochloride 

 
 

b) NMR spectra of [TAM][IR820]- 1 H NMR (400 MHz, (CD3)2SO): δ 0.8 (m, 3H), 1.9 (m, 19H), 2.4 (d, 2H), 

2.8 (d, 9H), 3.4 (d, 1H), 4.1 (t, 2H), 4.3 (t, 3H), 6.4 (m, 2H), 6.7 (m, 4H), 7.1 (m, 10H), 7.5 (m, 2H), 7.7 (m, 2H), 

7.9 (m, 2H), 8.1 (m, 4H), 8.3 (m, 4H). 

 
 

c) NMR spectra of [NDMTAM][IR820]- 1 H NMR (400 MHz, (CD3)2SO): δ 0.8 (d, 3H), 1.9 (m, 14H), 2.4 (m, 

2H), 2.6 (d, 3H), 2.8 (m, 3H), 3.2 (d, 1H), 4.0 (d, 2H), 6.4 (m, 1H), 4.7 (m, 4H), 7.3 (m, 12H), 7.5 (m, 4H), 8.1 

(m, 3H), 8.4 (m, 5H). 

 

Figure S3: NMR spectrum of a) Tamoxifen hydrochloride b) [TAM][IR820] c) [NDMTAM][IR820]. 

 

c 

 

b 
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Table S1: DLS and Zeta potential results for [NDMATM][NIR] and [TAM][NIR] INMs in water. 

Sample in water Size (nm) (48 hrs) Zeta potential (mV) 

[TAM][IR820] 125.3 + 2.9 -38.2 

[NDMTAM][IR820] 116.3 + 4.6 -28.3 

 

Table S2: Molar absorptivity value of all samples in water (INMs) and ethanol. 

Compound/solvent λmax (nm) Ɛ (LMol
-1

cm
-1

) x 10
4
 

NaIR820_water 688,817 5.98,3.60 

[TAM][IR820] _(INMs) 735, 835 7.56, 4.81 

[NDMTAM][IR820] _(INMs) 735, 835 6.23, 3.78 

NaIR820_ethanol 756, 826 7.25, 23.5 

[TAM][IR820] _ethanol 756, 826 8.96, 28.3 

[NDMTAM][IR820] _ethanol 756, 826 8.16, 25.6 

 

 

Figure S4: Photostability result for NaIR820 parent compound, derived chemo-PTT IMs and INMs in water and 

ethanol at 826 nm excitation wavelength.  

 

Photothermal Efficiency 

Photothermal heat conversion efficiencies (𝝶) of NaIR820 parent compound and its derived INMs were calculated 

using the following Equation S1-S4 

η  -----------S1 

 

Where h represents the heat transfer coefficient, s is the surface area of the container, and hs is obtained from Equation 

S4 and Figure 4. Tmax represents the steady state temperature of the derived INMs and for [TAM][IR820] it was found 

to be 52.6 
o
C. The environmental temperature (Tsurr) was 24.1 

o
C. The change in temperature (Tmax -T surr) for 

[TAM][IR820] was determined to be 28.5 
o
C. I indicate the laser power, which was 1 W for all samples. A represents 

absorbance of PTA. Qdis is the heat dissipated from lights absorbed by solution and cuvette walls. Qdis for INMs sample 

was determined from sample control with pure cell media and was found to be 30.5 mW. To determine hs, the 

following dimensionless parameter, 𝝷, is introduced in Equation S2. 

 -----------S2 
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Then, the time constant τs can be deduced from Equation S3. 

𝑡 =‒ 𝜏𝑠 𝑙n𝞱--------S3 

 

Then, the time constant 𝝉s of the [TAM][IR820] sample was determined to be 438.9s. By inserting this value into 

equation S4, hs can be calculated. 

 

 

Where mD is the mass of solution (1.0 g) and C is the specific heat (4.2 J/g 
o
C). hs for [TAM][IR820] was determined 

to be 9.56 mW/ 
o
C. After substituting all parameters into Equation S4, 𝝶 was determined to be 16.96 %. 

 

Reactive oxygen specie generation 

 

Figure S5: Photodegradation of DPBF upon increasing irradiation time in the presence of [TAM][IR820] in 

ethanol. 

 

Figure S6: Reactive oxygen quantum yield results in ethanol for NaIR820 parent compound, [TAM][IR820] and 

[NDMTAM][IR820] IMs. 
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Table S3: ROS quantum yield for parent NaIR820 dye and its derivatives in ethanol. Concentration of 10 μM of 

all TAM derivatives and NIR parent dyes with 200 μM DPBF. 

Drugs ROS quantum yield (%) 

NaIR820 7.7 

[TAM][IR820] 7.8 

[NDMTAM][IR820] 10.2 

 

 

Figure S7: Cellular uptake of INMs compared to free dye after 6 and 8 hr incubation of 50 nmol drug with 

MCF-7 cancer cells. Data are presented as mean S.D. (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.005). 

 

 
Figure S8: Dark cytotoxicity results for treatment involving 1:1 mixture of chemo and PTT agents in MCF-7 

cells at increasing concentrations for 48 hr and 72 hr drug incubation. p values are determined using two-tailed 

student’s t-test and are reported as *p< 0.05, **p< 0. 01, ***p< 0.005. 
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Figure S9: Photo cytotoxicity of treatment involving 1:1 mixture of chemo and PTT drugs in MCF-7 cancer cells 

incubated for 6 hr followed by 5 min irradiation with 808 nm laser (1 Wcm
-2

). p values are determined using 

two-tailed student’s t-test and are reported as *p< 0.05, **p< 0.01, ***p< 0.005. 

 


