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Abstract 

A new kind of material called nanoGUMBOS, comprised entirely of cations and anions have been developed by pairing various 

functional ions that afford fluorescent activity with biocompatible ions, in a process very much akin to that employed in ionic 

liquid chemistry. In the present study, spectral and biological properties of NIR absorbing nanoGUMBOS were evaluated using 

electron microscopy, dynamic light scattering, absorbance, thermal imaging, and live/dead fluorescence assays in conjunction 

with malignant MDA-MB-231 and non-malignant HS-578-BST epithelial human breast cells. The primary focus of this study 

was to maximize heat generation using NIR laser irradiation and minimize non-specific cytotoxicity by using biocompatible 

constituent ions (e.g. amino acids, vitamins, or organic acids). Concurrently, in order to generate highly responsive nanomaterials 

for NIR-laser-triggered hyperthermia, optimization of nanoparticle size, shape, and uniformity were investigated. Evaluation of 

data from hyperthermal studies of NIR absorbing nanoGUMBOS shows that these materials can achieve temperatures above the 

threshold for killing cancerous cells. Additionally, in vitro cell based assays demonstrate promising hyperthermal effects in 

cancer derived epithelial cells. 

Introduction 

The American Cancer Society estimates that more than 1.5 million new cases of cancer will be recorded by the end of 

2014.1 Fortunately, early detection and treatment of cancers have reduced the mortality rate over the past several decades.2 One 

of the oldest therapeutics for cancer treatment, dating back to antiquity, is the use of cauterization, or heat.3 The application of 

heat to kill cancer cells can be made less invasive by using photothermal nanoparticles activated by radiowaves,4 microwaves,5-7 

magnetic field,8-10 or near infrared laser.11-13 In this regard, nanoparticles such as gold14-18 and porphysomes19 when subjected to 

near-infrared (NIR) laser light have been shown to provide sufficient thermal energy to raise intracellular temperature above the 

threshold of 42 – 45 °C and initiate cancer cell apoptosis or necrosis.20, 21 NIR laser irradiation is attractive for use in vivo for 

photothermal activation as the human tissue has an absorption minima in the wavelength range of 750 – 1100 nm allowing for 

maximum photon penetration depth.22, 23 
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Several previously described cancer therapeutic nanoparticles have conjugated folate molecules on the surface to enhance 

selectivity toward cancer cells.24-26 Folate (or vitamin B9) is used to synthesize DNA, repair DNA, and hence is critical for cell 

proliferation.27 As cancer cells divide rapidly requiring large amounts of folate, there is an overexpression of the folate-receptor 

alpha proteins in the cancerous cell membrane.28 An over abundance of folate-receptor alpha proteins has been found on brain, 

ovarian, breast, kidney, colon, renal, and lung cancer cells suggesting that folate selectivity may have broad application for the 

treatment of cancers.27, 29 Many of the aforementioned hyperthermal materials (i.e. gold and porphysomes) require extensive 

syntheses to improve biocompatibility and into nanoparticles. 

A new class of nanoparticles has been derived from a group of uniform materials based on organic salts (GUMBOS). 

GUMBOS have a unique set of properties such as limited volatility, variable viscosity and solubility, melting point range of 25 – 

250 °C, and primarily exist in the solid state. GUMBOS are designed to be task-specific similar to ionic liquids with substantial 

flexibility to tune properties. In addition, by implementation of a simple metathesis reaction, the cation and/or anion species can 

afford fluorescence,30-33 magnetic,33-35 chiral selectivity,32, 35, 36 photothermal,37 chemotherapeutic,38 and antibiotic properties.39 

These facile tunable compounds have the potential use in a vast array of research applications including solar cells,40 sensors,41 

separations, and biomedical.30, 33, 39 Herein, we present a hyperthermal technique involving NIR laser irradiation to generate 

photothermal energy from a GUMBOS-based near-infrared compound composed of a cationic dye and biocompatible folate 

anion. Several NIR active GUMBOS are evaluated to correlate composition with heating efficiency, cell uptake and cytotoxicity. 

Experimental  

Materials. The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO) without further purification: folic acid, 

1-Butyl-2-[2-[3-[(1-butyl-6-chlorobenz[cd]indol-2(1H)-ylidene)ethylidene]-2-chloro-1-cyclohexen-1-yl]ethenyl]-6-

chlorobenz[cd]indolium tetrafluoroborate ([1048][BF4]) and 4-[2-[2-Chloro-3-[(2,6-diphenyl-4H-thiopyran-4-

ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-2,6-diphenylthiopyrylium tetrafluoroborate ([1061][BF4]), 18.2 MΩ deionized 

water (DI), sodium hydroxide (NaOH), dichloromethane (DCM), dimethyl sulfoxide (DMSO), acetonitrile, and acetone. 

AlamarBlue® assay, LIVE/DEAD® Viability/Cytotoxicity Kit (live: calcein-AM and dead: ethidium homodimer-1), and 

Dulbecco's Modified Eagle Media (DMEM) were purchased from Invitrogen Life Technologies Corporation (Grand Island, NY). 

The DMEM was modified with 10% Fetal Bovine Serum, 15 mM HEPES, glutamax 100X, non-essential amino acids (NEAA 

100X), and sodium pyruvate (NaPyr 100X). Phosphate buffer saline (PBS) was purchased from Fisher Scientific: BioReagents 

(Fair Lawn, NJ). The malignant MDA-MB-231 and non-malignant HS-578-BST human epithelial breast cells were obtained 

from ATCC (Manassas, VA) for in vitro studies. The cells were cultured in DMEM modified buffer at 37 °C and 5% CO2. 

Characterization Techniques. The GUMBOS and nanoGUMBOS infrared absorption measurements were characterized by a 

Lambda 750 UV-Vis-NIR Spectrophotometer (Perkin-Elmer, Waltham, MA, USA) using a 1 cm path length quartz cuvet. 

Structural characterizations of the GUMBOS were elucidated by the following instruments: Agilent 6210 Electrospray Time-of-
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Flight Mass Spectrometer, 19F NMR Brüker DPX-250 (250 MHz). Transmission electron microscopy (TEM) images were 

generated using a JEOL JEM-1011. Dynamic light scattering (DLS) studies were performed with a Zetasizer Nanoseries Nano 

ZS (Malvern Instruments, Worcestershire, UK) instrument. Fluorescence intensity from the cell assays were recorded from a 

Wallace Victor2™ (Perkin-Elmer, Waltham, MA, USA) plate reader. Visualizations of the fluorescent live/dead probe were 

observed by an Olympus IX81 microscope with Hammamatsu C4742 fluorescence detector. 

Synthesis of GUMBOS and NanoGUMBOS. Folic acid was converted into sodium folate by 24 hour mixing a 1:1 mol:mol 

ratio of folic acid and NaOH at ambient conditions. Sodium folate confirmation was supported by electrospray mass spectrometry 

(ESI MS) (Figure S1). The ESI MS spectrum shows that the folate peak (m/z = 464) was about half of the folic acid peak (m/z = 

442), suggesting that only half of the reactant was deprotonated forming sodium folate. The GUMBOS were synthesized via 

anion exchange method. The NIR absorbing cationic dyes, [1048] and [1061], were individually dissolved in DCM and mixed 

with the aqueous (2:1 v/v) folate in a 1:2 mol:mol ratio (Scheme 1). The synthesis method uses a 1:2 mol:mol ratio of 

cation:anion precursors, as approximately half of the folate starting material is sodium folate according to the mass spectrum. The 

materials were allowed to mix thoroughly and precipitate for two days at ambient conditions wrapped in aluminum foil to avoid 

photobleaching, prior to washing and purification. The newly synthesized GUMBOS were washed three times and stored in the 

dark at ambient temperatures. Successful metathesis reactions were supported by 19F NMR (Figure S2).  

 

Scheme 1. A metathesis reaction exchanging a folate anion with tetrafluoroborate was done in a 1:2 mol:mol ratio to synthesize 

(a) [1048][Folate] and (b) [1061][Folate]. 

NanoGUMBOS were synthesized by a microwave-assisted reprecipitation method in triply distilled 18.2 MΩ water. The 

GUMBOS were dissolved in acetone at concentration of 2 mM and injected in the DI water accordingly to have final 

nanoGUMBOS concentration of 320 µg mL-1 in 5 mL of an aqueous suspension. The microwave parameters were set to ramp at 

3.33 °C s-1 up to 150 °C and held for five minutes. The aqueous suspended nanoGUMBOS product was drop-cast on a 400 mesh 

ultrathin carbon-film copper TEM grid (Ted Pella Inc., Redding, CA, USA) and DLS was measured in triplicate. The wavelength 

of analysis for measuring insolubility was determined by comparing the absorbance maxima for a well-dispersed nanoGUMBOS 

concentration (32 µg mL-1) and that same concentration post centrifugation. To determine the dissolution of the nanoGUMBOS 

1:2 mol:mol

[1061][BF4]in DCM

Na[Folate] (aq)

1:2 mol:mol

[1048][BF4]in DCM

Na[Folate] (aq)

(a)

(b)
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in aqueous solution the particles were suspended in DI water at ambient conditions for two weeks followed by centrifugation for 

20 minutes at 3500 rpm before the top-most supernatant was assayed for absorbance (Figure S3). Differences in absorbance pre 

and post centrifugation were quantified to determine change in soluble concentration. The absorbance was baselined using triply 

distilled deionized water before each absorption measurement. 

Cell Cytotoxicity of NanoGUMBOS. The cytotoxicity of nanoGUMBOS was tested nine times against malignant MDA-MB-

231 and non-malignant HS-578-BST epithelial human breast cells. Concentrations of 100 µL of 1x 104 of MDA-MB-231 and 5x 

103 of HS-578-BST cells were seeded in tissue cultured 96 well plate and incubated for 24 hours at 37 °C and 5% CO2. The 

media was exchanged with fresh 100 µL of DMEM and different volumes of 320 µg mL-1 nanoGUMBOS (4, 16, 32, 64, and 128 

µL) were added to cells for an incubation of 24 hours. Once injected, the final nanoGUMBOS concentrations in the well plates 

were respectively 12.3, 44.1, 77.6, 124.9, and 179.6 µg mL-1. The media was removed, washed with PBS and the cells were 

incubated with 100 µL of the 10% v/v alamarBlue® in DMEM for four hours. The fluorescence intensity of alamarBlue® (Ex = 

530 nm and Em = 620 nm) was measured with a Wallac VICTOR2 V 1420-040 multilabel counter. Live and dead (3% H2O2 

injection) controls for both cell lines were also administered. The nanoGUMBOS percent viability averages and +/- standard 

deviations were compared against the fluorescence intensity from the live controls. 

NIR Laser Irradiation Control. Laser irradiation source was (1064 nm) from a diode-pumped continuous solid-state Nd:YVO4 

laser (Lasermate Group Inc., Pomona, CA, USA). Cells prepared as previously mentioned underwent variable duration of NIR 

laser irradiation at 32 W cm-2 sans nanoGUMBOS as a laser exposure control. The laser exposure control was performed nine 

times using freshly cultured cells. Cells were irradiated for 10, 20, or 30 minutes followed by immediate removal of the media, 

then washed with PBS, and incubated in 100 µL of 10% v/v alamarBlue®. Assay plate readings were performed four hours after 

100 µL addition of the dye. The laser irradiation percent viability averages and +/- standard deviations were compared against the 

fluorescence intensity from the live controls. 

Hyperthermal Technique. Cells were prepared as previously described above. NanoGUMBOS with final concentrations of 

77.6, 124.9, and 179.6 µg mL-1 were cultured with MDA-MB-231 and HS-578-BST cells for eight hours before irradiating the 

wells with a 2 mm beam diameter NIR laser (Figure S4). The hyperthermal irradiation was performed orthogonally with the laser 

2.5 cm above the 96 well plate to ensure homogeneity. Each well plate was exposed to continuous NIR laser irradiation for either 

10, 20, or 30 minutes with a laser power density of 32 W cm-2. Nine individual samples were performed for each NIR laser 

irradiation time in a freshly cell-cultured well. After irradiation the media was removed, cells were washed with PBS, and 

incubated with 100 µL of the 10% v/v alamarBlue® in DMEM for four hours prior to measuring fluorescence. The hyperthermal 

percent viability averages and +/- standard deviations were compared against the fluorescence intensity from the live controls. 

Fluorescence Microscopy. Fluorescence microscopy was used to qualitatively image cell death via hyperthermia by co-labeling 

the cells with LIVE/DEAD® Viability Kit for mammalian cells. A 1 mL of 2.5 x 105 cells mL-1 of MDA-MB-231 cell solution 

Page 4 of 18Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



This journal is © The Royal Society of Chemistry [year] [Photochem. Photobiol. Sci.], [year], [vol], 00–00  |  # 

 

was seeded in a 12 well plate and incubated for 24 – 48 hours until confluent. The cells were cultured with 77.6 µg mL-1 

nanoGUMBOS and allowed to incubate for eight hours before irradiating the cells for 30 minutes. The cells were stained after 

irradiation with the LIVE/DEAD® Viability Kit according to manufacturer’s instructions. 

Photothermal Measurements. The variable concentrations of nanoGUMBOS were subjected to NIR laser irradiation for at least 

30 minutes. Incremental volumes (i.e. 0, 32, 64, and 128 µL) of 320 µg mL-1 nanoGUMBOS were added to a glass NMR tube 

filled with 100 µL of DMEM media. The final nanoGUMBOS concentrations were the following, respectively: 0, 77.6, 124.9, 

and 179.6 µg mL-1.  A 2 mm beam diameter of NIR laser irradiation was applied to each sample in triplicates at a power of 32 W 

cm-2, and measured with a TA (Thermal Analysis) Instruments Thermocouple placed 2 mm above the irradiation spot and 

Universal Analysis 2000 program (version 4.3A) (Figure S5). 

Cellular Uptake. Cellular uptake of nanoGUMBOS was measured employing modified previous methods and performed in 

triplicate.42, 43 A concentration of 77.6 µg mL-1 NanoGUMBOS solution was incubated with 1 mL of 2.5 x 105 mL-1 MDA-MB-

231 cell solution in a 12 well plate for eight hours. The media was removed and the cells were washed in triplicate with PBS. The 

washed cells were digested using 2 mL of DMSO. A GUMBOS concentration equivalent to 77.6 µg mL-1 was dissolved in 

DMSO to be a reference against a DMSO-digested cell reference (Figure S7). The absorbance measurements were compared to a 

concentration gradient of nanoGUMBOS concentrations dissolved in DMSO (Figure S8). 

 

Results and Discussion 

Recently, several studies have described the use of gold nanomaterials (e.g. shells, particles, and rods) in producing heat by 

NIR laser irradiation for hyperthermia.44-46 The laser wavelengths for NIR irradiation is at a typically shorter wavelengths (800 

nm) for nanoparticle hyperthermia from surface plasmon resonance. Herein a new class of materials called NIR absorbing 

nanoGUMBOS demonstrates photothermal generation for use as a potential hyperthermal cancer therapeutic. A potential 

advantage of this system, compared to nanoplasmonic NIR hyperthermic systems is the flexibility of composition in that both of 

the ionic constituents of the GUMBOS system can be varied to provide wide range of achievable spectroscopic, and 

cytocompatibility properties. The two different NIR absorbing nanoGUMBOS, [1048][Folate] and [1061][Folate], with similar 

spectroscopic properties were compared in the study. The aforementioned NIR absorbing nanoGUMBOS were selected based on 

the overlap of absorbance maximum (i.e. 1048 and 1061 nm, respectively) to laser irradiation wavelength and human tissue 

absorbance minima22 in order to maximize tissue penetration and delivery of photothermal energy (Figure 1). Folate was selected 

as a counterion as the over expression of folate receptor in cancer cells provides a well described targeting modality.  
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Figure 1. The 4.3 µM GUMBOS dissolved in acetonitrile resulted in absorbance maximum near the laser irradiation wavelength. 

NIR Absorbing NanoGUMBOS Characterization. A microwave-assisted reprecipitation method was used to synthesize NIR 

absorbing nanoGUMBOS from GUMBOS. The TEM micrographs (Figure 2) and DLS (Table 1) for [1048][Folate] and 

[1061][Folate] NIR absorbing nanoGUMBOS revealed relatively nonaggregating particles. The [1061][Folate] nanoGUMBOS 

particles resulted in a low polydispersity index (PDI), which supports the TEM micrograph displaying relatively monodisperse 

particles. The higher PDI for [1048][Folate] nanoGUMBOS is within the acceptable range of dispersity, but as evident in the 

TEM micrograph there is more aggregation resulting in a higher polydispersity.47 Nanoparticles are typically reported to have a 

larger size with DLS, compared to TEM measurements, as the DLS measures the average hydrodynamic radius. The NIR 

absorbing nanoGUMBOS were determined to be 89 – 93% insoluble after a two week study of the particles suspended in water 

(Table 2). It is worthy of noting that a red-shift in nanoGUMBOS absorbance maximum occurred with respect to the dissolved 

counterpart.37, 48, 49 

Table 1. The NIR nanoGUMBOS were monodisperse under microwave-assisted reprecipitation synthesis. 

NanoGUMBOS 
NanoGUMBOS size (nm) 

 
TEM Micrograph DLS PDI 

[1048][Folate] 121 ± 32.5 157 ± 2.4 0.137 

[1061][Folate] 144 ± 46.8 176 ± 1.2 0.066 

 

Table 2. NIR nanoGUMBOS remained largely insoluble in an aqueous suspension media for two weeks when compared to a 

standard curve from the appropriate concentration gradient. 

NanoGUMBOS 
Wavelength (nm) 

Maximum 

Absorbance 

% Difference % Insoluble 

Control Centrifuged 

[1048][Folate] 1077 0.219123 0.015503 7.08 92.92 

[1061][Folate] 1118 0.051012 0.005738 11.25 88.75 
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Figure 2. The NIR absorbing nanoGUMBOS TEM micrograph shows particle sizes for (a) [1048][Folate] at 121 ± 32.5 nm and 

(b) [1061][Folate] at 144 ± 46.8 nm. 

NIR Absorbing NanoGUMBOS Cytotoxicity. NIR Absorbing nanoGUMBOS cytotoxicity was determined in a cancerous 

breast cell line (MDA-MB-231) and non-malignant breast cell line (HS-578-BST) by an alamarBlue® assay (Figure 3) from nine 

individual samples.50, 51 The NIR absorbing nanoGUMBOS were toxic to both cell lines at high concentration; however, the 

nanoGUMBOS were more toxic to MDA-MB-231 cells, likely as a result of increased folate receptor alpha (FRA) expression in 

the malignant cell membrane (Table S1). The median lethal concentration (LC50) of NIR absorbing nanoGUMBOS was 

calculated from the slope at which the cell viability decreased (Figure S6). The LC50 for NIR absorbing nanoGUMBOS 

[1048][Folate] in MDA-MB-231 and HS-578-BST cell lines are 158 and 225 µg mL-1, respectively. The [1061][Folate] 

nanoGUMBOS LC50 for MDA-MB-231 and HS-578-BST are 118 and 348 µg mL-1, respectively. The increase in [1061][Folate] 

toxicity at high concentration, when compared to [1048][Folate], remains unexplained and requires further analysis. 
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Figure 3. Viability studies of (a) [1048][Folate] and (b) [1061][Folate] NIR absorbing nanoGUMBOS using an alamarBlue® 

assay was performed on breast cell lines. The viability averages were calculated from the mean of nine individual samples for 

each concentration, and the respective +/- standard deviations are given in the supplementary information. 

Laser Irradiation Cytotoxicity. Since the late 19th century, it has been known that healthy cells are more tolerant of elevated 

temperature than cancer cells by providing a simple means for selectively attacking cancer cells in a heterogeneous population.52, 

53 Irradiation of cells was performed orthogonally to a 96 well plate over a defined period from 0-30 minutes. In the irradiation 

control, normal breast cells retained 93 – 96% viability after continuous irradiation, whereas the viability of the cancerous cells 

decreased (Figure 4). Cancer cells are more susceptible to heat due to disorganized cellular structure and functions. 

 

Figure 4. Laser irradiation without an injection of nanoGUMBOS over cancerous MDA-MB-231 and noncancerous HS-578-

BST were observed. The viability averages were calculated from the mean of nine individual samples for each irradiation time 

length, and the respective +/- standard deviations are given in the supplementary information. 
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Hyperthermia Testing with Cancer Cells. When the MDA-MB-231 cells with NIR absorbing nanoGUMBOS were irradiated, 

it was concluded that the 77.6 µg mL-1 concentration under irradiation for 20 minutes resulted in a reduction in tumor cell 

viability for both nanoGUMBOS compared to particle only controls. A side-by-side comparison of [1048][Folate] (Figure 5) and 

[1061][Folate] (Figure 6) nanoGUMBOS cytotoxicity, hyperthermia responses, and laser control toxicity with MDA-MB-231 

cancer cells demonstrates the effectiveness of the nanoGUMBOS. 

 

 

 

Figure 5. [1048][Folate] NIR nanoGUMBOS with MDA-MB-231 breast cancer cells shows live and dead controls (white), 

nanoGUMBOS cytotoxicity-dark gray, and hyperthermal (laser and nanoGUMBOS)-light gray at (a) 10 minute, (b) 20 minute, 
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and (c) 30 minute lasing time intervals. The viability averages were calculated from the mean of nine individual samples for each 

test, and the respective +/- standard deviations are given in the supplementary information. 

 

 

 

Figure 6. [1061][Folate] NIR nanoGUMBOS with MDA-MB-231 breast cancer cells shows live and dead controls (white), 

nanoGUMBOS cytotoxicity-dark gray, and hyperthermal (laser and nanoGUMBOS)-light gray at (a) 10 minute, (b) 20 minute, 

and (c) 30 minute lasing time intervals. The viability averages were calculated from the mean of nine individual samples for each 

test, and the respective +/- standard deviations are given in the supplementary information. 
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The application of [1048][Folate] nanoGUMBOS in concert with NIR laser irradiation resulted in substantial reductions in 

viable cancer cells at the lowest nanoGUMBOS concentration and exposure times. It was also shown that with an increase in 

irradiation time and nanoGUMBOS concentration the lethality of the nanoGUMBOS increased (Table S2). The concentration of 

77.6 µg mL-1 and 10, 20, and 30 minutes irradiation resulted in respective cell viability average percentages of 70.7, 33.2, and 

12.0%. This concentration would be optimal as the nanoGUMBOS control yielded a mean cell viability of 90.2%. 

The [1061][Folate] nanoGUMBOS in concert with NIR laser irradiation also substantially reduced cancer cells viability at 

concentration of 77.6 µg mL-1. This concentration with 10, 20, and 30 minute irradiation resulted in respective cell viability 

averages of 80.0, 22.6, and 15.6%. After 10 minutes of irradiation, the nanoGUMBOS control and nanoGUMBOS with 

irradiation resulted in similar cell death indicating little contribution of the photothermal effects. The reduced efficacy of the 

irradiated [1061][Folate] nanoGUMBOS at the 10 minute time point can potentially be attributed to a reduced cellular uptake or 

reduced nanoGUMBOS stability in aqueous solution. Alternatively, the difference in activity for [1061][Folate] and 

[1048][Folate] nanoGUMBOS at the 10 minute time point may indicate a more complex cytotoxic mechanism such as a 

combination of hyperthermal and singlet oxygen production. Nonetheless, at 20 and 30 minute irradiation, there were similar 

differences between the particle control and irradiated group demonstrating hyperthermal activity. The two irradiation times did 

not exhibit a noticeable difference in cell death outside standard deviations but it can be theorized that longer irradiation times 

would increase cell death. At high concentration the nanoGUMBOS were equally toxic with or without irradiation. This is 

predictable as this concentration is approximately the LC50 threshold for [1061][Folate] (Figure 3b).   

The fluorescence microscopy image qualitatively shows the spatial selectivity of cell death when a NIR laser irradiates 

nanoGUMBOS (i.e. 77.6 µg mL-1 [1048][Folate]) treated cancerous breast cells for 30 minutes (Figure 7). The cells have been 

assayed using a LIVE/DEAD® fluorescent staining kit, which stains live and dead cells, green and red respectively.  Cells in the 

light exposed region have either exhibited ablation (Figure 7a, no fluorescence) or died (Figure 7b, indicated by red 

fluorescence). Cells outside the laser spot region (Figure 7c, green fluorescence) are clearly green indicating continued viability 

post-exposure. 
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Figure 7. A fluorescence microscopy image from a well plate with breast cancer cells distinctively shows cell death from the 

selective area where (a) the cusp of irradiation/nonirradiation occurred as shown in the inset, (b) laser irradiation occurred, and 

(c) did not occur. (Note: the diameter of the laser spot matches the laser focal spot in image, 2 mm.) 

 

Laser Irradiation Photothermal Response. The NIR absorbing nanoGUMBOS generated heat from the radiationless 

vibrational relaxations after excitation to the first excited singlet state. Recording hyperthermal generation proved difficult in a 96 

well plate due to the laser irradiating the thermocouple directly. In an effort to accurately record the photothermal generation of 

the nanoGUMBOS, a glass NMR tube was used as the test cell to mimic the conditions cells would experience in a 96 well plate. 

Also, using a thermocouple increases temperature data reliability by reducing the Newton’s law of cooling (including: radiative, 

evaporative, and connective cooling) factor that thermal imaging cameras encounter.54 In this configuration the thermocouple 

could be submerged in the test media but out of the direct path of the NIR laser. The NIR absorbing nanoGUMBOS were 

irradiated in 100 µL modified DMEM media for 30 minutes while the thermocouple measured photothermal generation (Figure 

8). The experiment is designed to determine the maximum photothermal temperature generated and temperature dependence as a 

function of irradiation time.20, 55 NanoGUMBOS concentrations for laser irradiation were the same as used in the concentration 

dependent viability experiments: 77.6, 124.9, and 179.6 µg mL-1 (Table S3). 

All of the [1048][Folate] NIR absorbing nanoGUMBOS reached a photothermal steady state after 10 minutes of continuous 

irradiation. After 30 minutes of irradiation [1048][Folate] NIR absorbing nanoGUMBOS concentrations of 77.6, 124.9, and 

179.6 µg mL-1 respectively heated to 48.1 ± 4.2, 59.9 ± 1.9, and 57.5 ± 6.2 °C. The [1061][Folate] NIR absorbing nanoGUMBOS 

achieved steady state more rapidly, stabilizing after five minutes. The [1061][Folate] NIR absorbing nanoGUMBOS of 
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concentrations 77.6, 124.9, and 179.6 µg mL-1 respectively heated to 55.4 ± 4.0, 63.2 ± 2.4, 64.3 ± 2.2 °C. The higher steady state 

temperature achieved by the [1061][Folate] is likely a result of larger sized particles (�̅ = 144 ± 46.8 nm) relative to 

[1048][Folate] (�̅ = 121 ± 32.5 nm). The increased photothermal generation correlated with an increase in cytotoxicity for 

[1048][Folate] and [1061][Folate] nanoGUMBOS. In addition to hyperthermia cytotoxicity, other factors such as oxygen radical 

formation may have contributed to overall cell death which can be explored further.56, 57 The experimental error for 

[1048][Folate] reveals that the difference in photothermal generation between the media control and the lowest concentration of 

nanoGUMBOS (77.6 µg mL-1) is slight; but at higher concentrations the temperature differential is larger. Concentrations for the 

[1061][Folate] samples had a large disparity in temperature differences relative from the DMEM media control. 

  

Figure 8. Heat generated from the NIR absorbing nanoGUMBOS (a) [1048][Folate] and (b) [1061][Folate]. The photothermal 

temperature averages were calculated from the mean of triplicate samples for each concentration, and the respective +/- standard 

deviations are given in the supplementary information. 

 

Cellular Uptake of NanoGUMBOS in MDA-MB-231. Receptor-mediated endocytosis is initiated by cell surface receptor 

interactions initiating a cascade which results in cell wall invagination and nanomaterial uptake.26, 27, 58 After performing the 

method (vide supra) for cellular uptake it was determined that only about 6% of the injected (77.6 µg mL-1) entered the MDA-

MB-231 cells (Table 3). Confirmation of the cellular uptake was performed by calculating percent yield from the absorbencies 

differences (% Yield Uptake) and from a nanoGUMBOS concentration gradient (% Slope). The 1000 nm wavelength was chosen 

as an absorbance point as there did not seem to be any substantial changes in spectral shift or characteristic between the two 

samples. The 77.6 µg mL-1 nanoGUMBOS were dissolved in DMSO and subsequently diluted to create a concentration gradient 

(Figure S8). The smaller particle size for [1048][Folate] may account for the slightly higher overall cellular uptake. 

Table 3. The percent of nanoGUMBOS in MDA-MB-231 cells were calculated from the percent yield and concentration gradient 

equation (%Slope). 

NanoGUMBOS Sample Wavelength (nm) Absorbance %Yield Uptake %Slope 

[1048][Folate] 
Cells 
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6.34 6.15 
Reference 0.078640 
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[1061][Folate] 
Cells 

1000 
0.002146 

5.64 6.12 
Reference 0.038080 

 

Conclusion 

The [1048][Folate] and [1061][Folate] NIR absorbing nanoGUMBOS both reduced the viability of MDA-MB-231 breast 

cancer cells when activated by 1064 nm NIR laser irradiation. NIR absorbing nanoGUMBOS without irradiation showed little 

cytotoxicity to both cancerous (MDA-MB-231) and non-cancerous (HS-578-BST) breast cells at low concentrations. While 

[1061][Folate] produced a greater steady state temperature when irradiated, this did not correlate with a greater cytotoxicity; 

however both irradiated nanoGUMBOS reduced viable MDA-MB-231 cells compared to non-irradiated controls. The integrity of 

both nanoGUMBOS composition remained consistent neither having substantial particle degradation nor change in solubility 

after two weeks in an aqueous media. Based on these results, this class of folate-based NIR absorbing nanoGUMBOS has 

demonstrated potential applicability as an alternative hyperthermal delivery system. 
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Graphical Abstract 

 

 

 

Nanoparticles devised entirely of ionic liquid-like materials called GUMBOS created a localized hyperthermal effect within 

breast cancer cells concurrent with near-infrared laser excitation. 
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