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Abstract 23 

Acidic pH in the tumor microenvironment is associated with cancer metabolism and creates 24 

a physiological barrier that prevents from drugs to penetrate cells. Specifically, ionizable 25 

weak-base drugs, such as doxorubicin, freely permeate membranes in their uncharged 26 

form, however, in the acidic tumor microenvironment these drugs become charged and 27 

their cellular permeability is retarded. In this study, 100-nm liposomes loaded with sodium 28 

bicarbonate were used as adjuvants to elevate the tumor pH. Combined treatment of triple-29 

negative breast cancer cells (4T1) with doxorubicin and sodium-bicarbonate enhanced drug 30 

uptake and increased its anti-cancer activity. In vivo, mice bearing orthotropic 4T1 breast 31 

cancer tumors were administered either liposomal or free bicarbonate intravenously. 32 

3.7±0.3% of the injected liposomal dose was detected in the tumor after twenty-four hours, 33 

compared to 0.17%±0.04% in the group injected free non-liposomal bicarbonate, a 21-fold 34 

increase. Analyzing nanoparticle biodistribution within the tumor tissue revealed that 93% 35 

of the PEGylated liposomes accumulated in the extracellular matrix, while 7% were 36 

detected intracellularly. Mice administered bicarbonate-loaded liposomes reached an intra-37 

tumor pH value of 7.38±0.04. Treating tumors with liposomal bicarbonate combined with 38 

a sub-therapeutic dose of doxorubicin achieved an improved therapeutic outcome, 39 

compared to mice treated with doxorubicin or bicarbonate alone. Interestingly, analysis of 40 

the tumor microenvironment demonstrated an increase in immune cell’ population (T-cell, 41 

B-cell and macrophages) in tumors treated with liposomal bicarbonate. This study 42 

demonstrates that targeting metabolic adjuvants with nanoparticles to the tumor 43 

microenvironment can enhance anticancer drug activity and improve treatment. 44 

Keywords: nanoparticle, breast cancer, pH, immune system, microenvironment, metabolism, 45 

bicarbonate  46 
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Introduction 47 

In 1924, Otto Heinrich Warburg demonstrated that cancer cells overproduce lactate by 48 

anaerobic glycolysis, even in the presence of a sufficient oxygen supply [1-3]. Combined 49 

with the increased glucose metabolism in tumors, high lactate production corresponds to 50 

high proton concentrations. Accompanied with poor perfusion, this results in an acidic 51 

extracellular pH ranging from 6.5 to 6.9 in malignant tumors, compared to the normal 7.4 52 

physiological pH [1, 3, 4]. These acidic conditions are associated with cancer cell survival, 53 

migration, metastasis and increased expression of the multidrug drug resistance efflux 54 

transporter p-glycoprotein (pGP) [1, 3, 5].  Several studies have considered the acidic pH 55 

within the tumor microenvironment as a potential therapeutic target [6, 7].  56 

Tumor chemosensitivity is also affected by the extracellular acidic pH which forms a 57 

physiological drug barrier, a phenomenon known as 'ion trapping'. For example, ionizable 58 

weak-base drugs such as doxorubicin, mitoxantrone and daunorubicin freely permeate 59 

membranes in their uncharged form [6, 7]. Doxorubicin for example, is a DNA-60 

intercalating chemotherapeutic commonly used for treating primary and metastatic breast 61 

cancer; however, chemically being a weak-base doxorubicin undergoes ‘ion trapping’ in 62 

the acidic tumor environment, reducing its cellular uptake and efficacy [8-10]. In acidic 63 

environments, weak bases become charged and their permeability through the lipid-based 64 

cell membrane is inhibited [5, 7]. 65 

Bicarbonate is a natural alkaline buffer that regulates blood and tissue pH [11, 12]. Through 66 

the secretion of CO2(g), (𝐶𝑂2(𝑔) + 𝐻2𝑂 ⇌ 𝐻2𝐶𝑂3 ⇌ 𝐻𝐶𝑂3
− +𝐻+) bicarbonate creates a 67 

continuously increasing alkaline pH in solution. At 37oC the rate of conversion of CO2 to 68 

bicarbonate (H2CO3) is k = 5.4×10-5, reaching an equilibrium ratio of 340:1, 69 

[CO2]:[H2CO3] respectively [13]. Carbonic anhydrase counters this reaction, converting 70 

CO2 equilibrium  towards the right-hand of the equation and acidifying the tumor 71 

microenvironment [13]. As such, this enzyme has become a therapeutic target, found to be 72 

associated with tumor malignancy, metastases and poor response to chemotherapy [7, 14, 73 

15]. 74 

 Bicarbonate is a potential candidate molecule for increasing the activity, bioavailability 75 

and potency of chemotherapeutic agents that are retarded in the acidic tumor 76 

microenvironment [9, 11]. Previous studies [4, 11], have suggested consuming sodium 77 
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bicarbonate orally as a mean for elevating the tumor pH and improving therapeutic activity. 78 

However, poor biodistribution and dilution of the bicarbonate after being absorbed through 79 

the gastrointestinal tract resulted in insufficient bicarbonate delivery to the tumor. Herein, 80 

we suggested that a nanoparticulate form of sodium bicarbonate may improve the tumor 81 

targeting capacity.    82 

Nanotechnologies are becoming important medical tools, owned to their ability to target 83 

therapeutic and diagnostic compounds to diseased tissues with high accuracy [16-27]. 84 

Specifically, nanoparticles have been shown to accumulate preferentially in solid tumors 85 

by extravagating through defects in the endothelial layer of the tumor vasculature, a 86 

phenomenon known as the Enhanced Permeation and Retention (EPR) effect [28-34] 87 

Liposomes, self-assembled vesicles, having one or several concentric lipid bilayers, are 88 

widely used nanoscale drug delivery systems [35]. One-hundred nanometer PEGylated 89 

liposomes loaded with doxorubicin (Doxil) are FDA-approved for treating metastatic 90 

breast cancer, and have been shown to accumulate preferentially in tumors due to the EPR 91 

effect [36-38]. In addition, cell culture experiments showed that ammonium bicarbonate 92 

can increase liposomal doxorubicin release and enhance its activity [37]. Moreover, 93 

liposomal ammonium bicarbonate was prepared as a gas-generating nanoparticle used for 94 

photoacoustic imaging of murine breast cancer tumors [39]. Som et al. also demonstrated 95 

that calcium carbonate nanoparticles increase tumor pH post intravenous administration 96 

[40]. In this work, 100-nm PEGylated liposomes were evaluated for their capacity to act as 97 

an adjuvant and enhance the anticancer activity of doxorubicin in vitro and in vivo, by 98 

delivering sodium bicarbonate to triple-negative breast cancer tumors. We found that the 99 

use of bicarbonate liposomes increased the uptake and therapeutic activity of doxorubicin. 100 

These studies highlight the tumor stroma as an important therapeutic target for improving 101 

treatment outcome.   102 
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Materials and methods 103 

Cell culture. 104 

Triple negative breast cancer cell line, 4T1 (ATCC) was grown in RPMI 1640 (Biological 105 

Industries, Beit Haemek, Israel) supplemented with 10% v/v of heated inactivated fetal calf 106 

serum (Biological Industries, Beit Haemek, Israel), 1% v/v Penicillin-Streptomycin 107 

solution (10 000 U/ml of Penicillin G Sodium Salt and 10 mg/ml of Streptomycin Sulfate), 108 

and 1% v/v L-Glutamine (Biological Industries, Beit Haemek, Israel). Cells were cultured 109 

at 37°C in a humidified atmosphere and 5% CO2 in air. 110 

 111 

Breast cancer animal model. 112 

Eight to ten week-old BALB/c female mice (Harlan laboratories, Jerusalem, Israel) were 113 

used as breast cancer animal models; 50 µl of 2.5x105 4T1 cells in phosphate-buffered 114 

saline (PBS) were injected subcutaneously into the mammary fat pad to obtain primary 115 

tumor model. Mice weights were recorded every other day; once a tumors' size of 100-116 

200mm3 on average was observed, the mice were divided to different treatments groups. 117 

All animal procedures were performed according to guidelines of the Institutional Animal 118 

Research Ethical Committee. 119 

 120 

Liposomes formulation. 121 

To obtain liposomes with final lipid concentration of 50mM composed of 55% mol 122 

hydrogenated soybean phosphatidylcholine (HSPC, MW 762 gr/mol, Lipoid, 123 

Ludwigshafen, Germany), 5% mol polyethyleneglycol distearoyl-phosphoethanolamine 124 

(m2000PEG DSPE, Lipoid), and 40% mol cholesterol (MW 386.6, Sigma Aldrich, 125 

Rehovot, Israel), accurately weighed amounts of lipids were dissolved in absolute ethanol 126 

(BioLab, Jerusalem, Israel), and warmed to 65°C. Once all the lipids were completely 127 

dissolved in ethanol, the lipid suspension was added to 65°C warmed 5% (%w/v) dextrose 128 

solution (Sigma Aldrich, Rehovot, Israel) containing 0.5M sodium bicarbonate 129 

(Frutaruom, Haifa, Israel) to form multi laminar vesicles (MLVs). To obtain homogenous 130 

liposomes, the mixture of lipids was passed stepwise extrusion through 400, 200 ,100 and 131 

80nm pore-size polycarbonate membranes (GE Osmonics, USA), in extruder supplied with 132 

a warm circulating bath (Northern Lipids, Vancouver, Canada). Then liposomes solution 133 
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was dialyzed against 5% dextrose using a 12-14 kDa dialysis membrane. The dextrose 134 

solution was replaced after 1, 4 and 24 hours, to ensure removal of all non-entrapped 135 

molecules. 136 

Doxorubicin liposomes were prepared by an active loading method; ammonium sulfate 137 

gradient, was used to load doxorubicin according to Haran et al. [41]. The non-138 

encapsulated drugs were removed by dialysis, as described previously. Liposomes size 139 

analysis, which includes mean diameter (nm) and particle size distribution (PDI) 140 

measurements, were carried out by dynamic light scattering (DLS) with a backward angle 141 

of 173° using a Zetasizer Nano ZSP (Malvern, UK). Measurements were made at room 142 

temperature. 143 

 144 

pH measurements of the liposomal aqueous phase. 145 

pH Measurements of the liposomal bicarbonate internal aqueous phase were obtained using 146 

pyranine, a fluorescent pH indicator. Determination of pH by pyranine is based on the ratio 147 

of fluorescence intensity at an emission wavelength of 510 nm measured at two excitation 148 

wavelengths: at 460 nm-which is pH dependent, and at 415 nm, the pH-independent 149 

isosbestic point. The liposomes internal phase pH values were calculated as described by 150 

Avnir et al. [42]. A calibration curve was plotted using solver XLaM, and the pH values 151 

were calculated from the 460/415-nm excitation ratio of the fluorescence intensities. 152 

Moreover, direct pH measurements of the aqueous phase were measured using pH meter 153 

after applying Bligh and Dyer assay on the liposomes [43]. Briefly, according to the sample 154 

volume, a mixture of 1:2 chloroform:methanol, was added to the liposomes then 155 

chloroform was added followed by addition of DDW, each step was followed by vortex. 156 

The sample was then centrifuged at 1000 RPM for 5min and a two phase system was 157 

created (aqueous and lipid phases). After getting two separated phases, pH meter 158 

(cybersacn pH 11, Thermo Scientific) was used to measure the pH in the obtained aqueous 159 

phase. Since Bligh and Dyer upper phase is composed of water, methanol and some 160 

chloroform which could affect the pH, a calibration curve that compares the pH in aqueous 161 

phase as is and after it is extracted was conducted and results were normalized according 162 

to that. Three solutions with different pH values (4, 7 and 10) were processed using the 163 
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Bligh and Dyer method. Then, for each solution, the pH of the aqueous phase was measured 164 

and the effect of the methanol presence was found to induce a maximal shift of 1.03±0.27 165 

pH units. This value was subtracted from our measurements to obtain the corrected value. 166 

 167 

Sodium bicarbonate liposomal content.  168 

Sodium bicarbonate liposomal content was quantified using Inductively Coupled Plasma 169 

(ICP-OES 5100, Agilent Technologies, Santa Clara, CA, USA). Empty liposomes were 170 

used as a negative control. Na concentration of each sample was measured using a standard 171 

calibration curve between 0.01 and 50 ppm (dissolved in 1% nitric acid). Encapsulation 172 

efficiency of sodium bicarbonate liposomes was calculated as the ratio of Na quantified in 173 

liposomes to 5% w/v dextrose solution containing 0.5M sodium bicarbonate.  174 

 175 

Cells viability and chemosensitivity assays. 176 

4T1 cells were seeded onto 96-wells plate at 2.5x104 cells in 200µl medium per well and 177 

allowed to attach overnight. Chemosensitivity of the cultured cells was examined by 178 

incubating the cells with 0.5µg/ml doxorubicin in cell culture media with different pH. Cell 179 

culture media with various pH values was prepared by titration of RPMI 1640, with HCl 180 

(0.1M). Cell viability was determined using Cell Titer-Glo Luminescent cell viability assay 181 

(Promega) 24 hours after treatment's application. Similarly, the cytotoxicity of cisplatin 182 

(3.8µg/ml) and 5-fluorouracil (1.3 µg/ml) were evaluated under the same conditions as 183 

described above. Cell viability was determined using a commercial MTT viability assay 184 

(Sigma Aldrich, Rehovot, Israel). 185 

 186 

Evaluation of Doxorubicin cellular uptake by Flow-cytometry. 187 

4T1 cells were seeded onto 6-well plate at density of 105 cells per well in 2 ml of RPMI 188 

incubated for 24h (37 °C, 5% CO2). The cells were then incubated with 5µg/ml free 189 

doxorubicin with or without sodium bicarbonate (50mM) in cell culture media at different 190 

pH points (6.5 and 7.4). After 18 hours the culture media was removed and the cells were 191 

rinsed with PBS for three times to remove the drug. The cells were harvested by 192 

trypsinization and resuspended in PBS after centrifugation (1000 rpm, 5 min) and Flow 193 
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cytometry was done using BD LSR-II Analyzer (Biosciences, San Jose, CA, USA). Results 194 

were analyzed using FCS Express (De Novo software).  195 

 196 

Confocal laser scanning microscopy (CLSM) observation.  197 

Confocal laser scanning microscopy (CLSM) was employed to examine the intracellular 198 

uptake of doxorubicin .4T1 cells were seeded on 8 wells µ-slide (Ibidi) at density of 4X104 199 

cells per well in 700 µl of RPMI incubated for 24 h (37 °C, 5% CO2), the cells were then 200 

incubated with 10µg/ml free doxorubicin with or without sodium bicarbonate (50mM) in 201 

RPMI with different pH points (6.5 and 7.4) for 4 h at (37 °C, 5% CO2). The culture media 202 

was removed and the cells were rinsed with PBS for three times to remove the drug. Then 203 

the nuclei were stained with Hoechst (1µg/ml) at 37 °C for 15 min. LSM 710 inverted 204 

confocal microscope was used to obtain Fluorescence images for doxorubicin cellular 205 

uptake. Acquisition was performed using the ZEN software and applying the 405 and 488 206 

lasers.  207 

For statistical analysis, cells were seeded in 24-well plates at a density of 8X104 cells per 208 

well, and incubated for 24 h (37 °C and 5% CO2). Cells were treated at the same conditions 209 

described above, and each plate was scanned using a GE InCell Analyzer2000 to obtain 210 

random images (12 fields per well, and 4 wells per each treatment group). The obtained 211 

images were analyzed using the InCell software to quantify doxorubicin fluorescent 212 

intensity in the cytoplasm and nuclei.  213 

 214 

Quantification of intra cellular Doxorubicin after enzymatic desequestration.  215 

Cells were grown in 24-well plates at a density of 2X105 cells per well in 700 µl, and 216 

incubated for 24 h (37 °C, 5% CO2). Cells were then incubated with 10µg/ml free 217 

doxorubicin, with or without sodium bicarbonate (50mM) in RPMI, at pH 6.5 and 7.4, for 218 

4 h at (37 °C, 5% CO2). After treatment, cells were washed twice with PBS (500 µl per 219 

well) and then harvested with 200 µl trypsin. Cells were centrifuged and suspended in 400 220 

µl PBS. Cells were lysed as described by Anders Andersen et al [44]. Briefly 10µl Triton 221 

X-100 (5%) and 10µl proteinase K (10 mg/ml) were added and mixed. Samples were 222 

incubated for 1h at 65oC. Then 5µl phenylmethanesulfonyl fluoride (PMSF, 10 mM in 223 

isopropanol) was added. Samples were left at room temperature for 10 min. 10 µl MgCl2 224 
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(0.4 M) and 20 µl DNase I (1 mg/ml) were then added and samples were incubated at 37 225 

°C for 30 min. Deproteinization was done by adding 450 µl methanol and 45 µl ZnSO4 226 

(400 mg/ml) to all samples. The samples were then centrifuged at 15,000 X g for 5 min. 227 

100 µl X4 of the supernatant was transferred to 96 flat bottom black polystyrene plate. 228 

Doxorubicin calibration curve (0.15µg/ml to 10 µg/ml) was prepared by dissolving the 229 

drug in methanol. Doxorubicin fluorescent intensity (excitation 488nm, emission 560nm) 230 

was measured using a Tecan (Mannedorf, Switzerland) plate reader.     231 

 232 
Quantitative liposomes distribution in the tumor tissue. 233 

Once the tumors evolved (around 500-700mm3), mice were divided randomly into two 234 

groups and were injected intravenously with either 300μl sodium bicarbonate and Gd-235 

loaded liposomes (90 nm, 50mM lipid) or with 300μl of Free Gd sodium bicarbonate 236 

solution. Twenty-four hours after the injection, the mice were sacrificed and tumors were 237 

extracted. Samples were heated to 500˚C for 5 hours and their ash dissolved in nitric acid 238 

1% (Bio Labs, Israel). Gd concentration of each sample is measured using a standard 239 

calibration curve at 0.01, 0.05, 0.1, 0.5, 1.0, 5.0 and 10 ppm. Gd was quantified using 240 

Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES, 5100-Agilent).  241 

For tumor cell/ECM (Extra cellular matrix) biodistribution study, Gadolinium-242 

encapsulated liposomes were injected intravenously to BALB/c female mice (n=6). 24 243 

hours later, tumors were extracted and dissociated into a cell suspension or ECM fractions 244 

using a gentleMACS Tissue Dissociator (Miltenyi Biotec, Teterow, Germany). To obtain 245 

two compartments, ECM and single cell suspension, an enzyme mix for degrading the 246 

ECM was prepared as follows: 25mg/ml Hyaluronidase (Sigma Aldrich), 25mg/ml 247 

Collagenase-III (Worthington Biochemical, Lakewood, NJ, USA), and 50mg/ml 248 

Collagenase-IV (Worthington Biochemical). After 45 min incubation with the tissue, freed 249 

cells were centrifuged, the supernatant was kept and lyophilized, the cells sediment was 250 

suspended in 500µl PBS. Samples were heated to 500 ˚C for 5 hours and their ash was 251 

dissolved in nitric acid 1% (Bio Labs, Israel). Gd concentration of each sample was 252 

quantified as described above. The ratio of Gd quantity in the cell’ compartment versus the 253 

ECM was calculated. 254 

 255 

Measurements of in-vivo interstitial pH. 256 
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pH measurements were applied as described in Veronica Estrella et al. [3].Briefly, 4T1 257 

cells are grown as subcutaneous tumors. Once tumors reach a volume of 500-800 mm3, the 258 

extracellular pH is measured by microelectrode using pH meter (cybersacn pH 11, Thermo 259 

Scientific). At first, animals were sedated with isoflurane (2.5-3.5%). Reference and pH 260 

electrode (MI-401F and MI-408B, respectively, Microelectrodes) were used to measure 261 

the pH levels. Initially, the reference electrode (outer diameter, 1 mm) was inserted under 262 

the skin of the mouse near the tumor, then the pH electrode (outer diameter, 0.8 mm) is 263 

then inserted up to 1.3 cm into the center of each subcutaneous tumor. Electrodes were 264 

calibrated before and following each set of measurements using standard pH 4, 7 and 10 265 

buffers. Three measurements were taken at each position and 3 positions interrogated and 266 

averaged per one mouse. 267 

 268 

Ultrasound scanning of breast cancer tumors. 269 

Once the tumors evolved (around 500-700mm3), Mice were anesthetized with 1.5-2% 270 

isoflurane and kept at 37 oC. Tumors were scanned using Vevo2100 Micro-ultrasound 271 

imaging system (Visualsonics) equipped with 21MHz (MS-250) transducer for abdominal 272 

imaging. B-Mode and Contrast-Mode recordings were performed on tumors before, 273 

throughout (up to 14 secs approx. using pre trigger option) and after (1min after) liposomes 274 

IV injection. Mice were scanned up to 5 min after liposomes injection, the increase in 275 

contrast mean power measured with bicarbonate liposomes was kept during this period of 276 

time. Data was analyzed using VevoLab software.  277 

 278 

In vivo therapeutic efficacy. 279 

Six groups of mice (5 each) were divided as follows: control, liposomal 280 

bicarbonate(NaHCO3), free doxorubicin(dox), free doxorubicin plus liposomal 281 

bicarbonate, liposomal doxorubicin and liposomal doxorubicin (dox) plus liposomal 282 

bicarbonate. 50µl of 3x105 cells of 4T1 (triple negative breast cancer) were injected 283 

subcutaneously to 8-week-old BALB/c female mice. The mice were weighed and the tumor 284 

dimensions were taken three times a week. The tumor volume was measured using a caliper 285 

and calculated as (width2xlength)/2. Therapeutic treatment began when the tumor volume 286 

reached 100-200mm3, approximately 10 days after the initial tumor cells injection. The 287 
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therapeutic groups: liposomal NaHCO3, free dox and liposomal dox received a single dose 288 

each week. In the combined therapy groups, liposomal bicarbonate was injected 24 hours 289 

before the injection of free or liposomal dox. 290 

 291 

Analysis of different cell populations in tumor tissue.  292 

GentleMacs instrument (Miltenyil Biotec) for dissociation of the extracted tumors was 293 

used. Enzyme mix for degradation of the ECM was prepared in the lab as described before. 294 

After dissociation the tumor tissue into single cell suspension, cells suspension was 295 

incubated with two fluorescent-labeled antibody panels: (1) CD45-FITC, F4/80-BV510, 296 

CD19-BV421, CD3-APC and (2) CD-31- BV421, for 20 min in the dark on ice. Ten 297 

thousand events were determined for each test sample using LSR BD LSR-II Analyzer (BD 298 

Biosciences, New Jersey, USA). Data analysis was performed using FCS Express (De 299 

Novo Software, California, USA).  300 
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Results and discussion 301 

The acidic pH in the tumor microenvironment is associated with cancer progression, and 302 

can lead to drug resistance and consequently to treatment failure [7, 45-47]. In this study 303 

alkaline sodium bicarbonate nanoparticles were targeted to murine breast cancer tumors as 304 

a mean for enhancing the uptake and potency of the chemically weak-base 305 

chemotherapeutic agent – doxorubicin.   306 

Nano drug carriers have been used to promote the pharmacokinetics of medicines towards 307 

the disease site and to improve the therapeutic index by protecting delicate 308 

biopharmaceuticals from biodegradation and excretion [48]. Rational design of the size and 309 

composition of the nanoparticle have been shown to affect the circulation time, volume of 310 

distribution, and half-life time in the blood and tumor [31, 49]. 311 

Sodium bicarbonate liposomes. PEGylated liposomes, 103.4±27.4nm in diameter, were 312 

loaded with sodium bicarbonate as an alkaline buffer (Figure 1A,B). The intra-liposomal 313 

pH was evaluated by co-loading sodium bicarbonate with a membrane impermeable pH 314 

indicator – pyranine (excitation1=415nm (pH-independent), excitation2=460nm (pH-315 

dependent), emission 510nm) [50]. The intra-liposomal pH of the sodium bicarbonate 316 

(50mM) liposomes was 7.8, compared to pH 5.7 in liposomes containing 5% dextrose 317 

buffer alone (Figure 1D). This pH remained stable in the liposomes for over one week at 318 

25oC. In addition, to evaluate the contribution of sodium bicarbonate to the pH, a direct 319 

measurement of the intra-liposomal aqueous compartment was conducted after removing 320 

the liposome lipids using the Bligh and Dyer extraction method (Figure 1E) [51]. This 321 

measurement yielded an intra-liposomal aqueous compartment having a slightly higher pH 322 

value of 8.2±0.02 (Figure 1E), most likely due to the extraction procedure. The intra-323 

liposomal sodium bicarbonate content was also quantified using ICP elemental analysis of 324 

the sodium, to reach a value of 14.5±2.1 mM (Figure S3).  325 

 326 

Bicarbonate enhances the uptake and activity of doxorubicin by breast cancer cells. 327 

The effect of sodium bicarbonate on the uptake of doxorubicin by triple-negative (4T1) 328 

breast cancer cells was studied. Two tissue culture conditions were compared: a) the media 329 
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pH was adjusted to 6.5±0.1, modeling the acidic tumor microenvironment, or, b) pH 330 

7.4±0.1 to model the normal physiological conditions [3, 7, 9]. The potency of doxorubicin 331 

(0.5µg/ml) was greatest when combined with bicarbonate (50mM, Figure 2B). Cells treated 332 

with doxorubicin had 48% viability compared to 12% viability in cells treated with 333 

doxorubicin plus bicarbonate at an initial media pH of 6.5. At pH 7.4 the effect of 334 

bicarbonate was minor (22 vs. 5% viability). The combination of doxorubicin and 335 

bicarbonate resulted in an enhanced effect compared to doxorubicin alone. Interestingly, 336 

in vitro, the effect of free bicarbonate was greater than that of the liposomal bicarbonate, 337 

suggesting that optimally the bicarbonate should be released outside the cells (Figure 2B). 338 

The enhanced activity of doxorubicin combined with bicarbonate under acidic conditions 339 

is attributed to shifting the chemical equilibrium of doxorubicin to its uncharged form, 340 

which is favorable for penetrating cell membranes (Figure 2A). Contrarily, at normal 341 

physiological pH 7.4, doxorubicin penetrates the cells sufficiently also without 342 

bicarbonate.  343 

To further understand the nature of enhanced cytotoxicity obtained using bicarbonate, a 344 

HEPES buffer was used as a pH control. Cell viability was examined after treating the cells 345 

with doxorubicin combined with HEPES buffer (50mM) compared to doxorubicin alone 346 

(Figure 2C). Minor difference was observed between the HEPES plus doxorubicin or 347 

doxorubicin alone groups, while the groups treated with doxorubicin plus bicarbonate had 348 

greatest potency (Figure 2B vs 2C). Figure 2D and 2E compare between pH values in 349 

culture over time, using HEPES (ionic) buffer and bicarbonate. While the HEPES holds a 350 

constant buffering capacity, bicarbonate pH increases gradually over time. The difference 351 

in activity using HEPES and bicarbonate may be owed to the difference in nature between 352 

these two buffers. Bicarbonate, counters the acidic environment through production of 353 

CO2(g) which diffuses out of the media to the environment, thereby constantly increasing 354 

the pH (Figure 2D,E,G). Contrarily, HEPES, is an ion-based buffer, which creates a stable 355 

pH environment, thereby less effective in facilitating doxorubicin uptake (Figure 356 

2C,D,E) ]52[. Similar results were obtained using another ionic buffer – BES (N,N-Bis(2-357 

hydroxyethyl)taurine, Figure S4). However, in all these cases the data demonstrate that 358 

alkali pH is beneficial for enhancing doxorubicin activity (Figure 2B, C, F, and G).  359 
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To further validate the effect of a bicarbonate-induced alkaline environment on the cellular 360 

uptake of drugs, we tested its effect on the activity of a chemically neutral anticancer agent 361 

(cisplatin, pKa 5.06) and of the weak acid drug 5-fluouracil (5FU, pKa 8.02). In both cases, 362 

as expected, the alkaline environment retarded the activity of these drugs (Figure 4A-B). 363 

These data corroborate earlier findings that an alkaline pH decreases cisplatin and 5FU 364 

activity. Specifically, previous studies have shown that cisplatin activity and side effects 365 

increase in an acidic pH due to improved DNA-binding [53-57], where 5-FU behaves as a 366 

weak acid, through the ionization of the enolic hydroxyl groups, which inhibits its cellular 367 

uptake in alkaline media [7, 58]. 368 

To further elucidate the production of CO2, we imaged triple-negative breast cancer tumors 369 

in vivo using ultrasound, before and after administering liposomal bicarbonate (Figure 370 

5D,E). Increased contrast was recorded in the bicarbonate-treated tumors, compared to 371 

tumors treated with empty liposomes (Figure 5D- white circle region, 5E). The acidic 372 

environment in the tumor catalyzes bicarbonate into CO2 and water, the CO2 gas is then 373 

detectable by ultrasonic imaging [39, 59-61].  374 

Doxorubicin uptake into cancer cells was visualized using confocal microscopy at two pH 375 

conditions: 6.5±0.1 and 7.4±0.1. Breast cancer cells were incubated with doxorubicin in 376 

the presence or absence of bicarbonate. Enhanced uptake of doxorubicin (a fluorescent 377 

molecule itself) was observed when combined with bicarbonate, compared to the 378 

doxorubicin control (Figure 3A). Quantitative flow cytometry analysis indicated a 2.5-fold 379 

increase in the doxorubicin uptake by cells treated with doxorubicin plus bicarbonate 380 

compared to cells treated with doxorubicin alone at pH 6.5, while the uptake at pH 7.4 was 381 

increased by 2-fold (Figure 3B). Image analysis of 10,000 randomly selected 4T1 cells 382 

from each treatment group demonstrated increased doxorubicin uptake in the nucleus and 383 

cytoplasm of cells treated with doxorubicin plus bicarbonate, compared to cells treated by 384 

doxorubicin alone (Figure 3D and S6).  385 

Microscopy-based image analysis depends on the fluorescent signal of doxorubicin inside 386 

the cells. However, at high concentrations doxorubicin self-quenches and the fluorescent 387 

signal is not indicative of the true drug concentration. To rule out any possible self-388 

quenching of doxorubicin’s fluorescent signal inside the cells (which may affect 389 

microscopy-based quantifications) [62], we also extracted doxorubicin biochemically from 390 
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the cells of each treatment group and quantified the drug independently. These experiments 391 

confirmed a 2-fold greater cellular uptake of doxorubicin in the bicarbonate-treated cells 392 

versus the untreated control (Figure 3CII). Specifically, doxorubicin concentrations in cells 393 

treated with bicarbonate at pH of 6.5 and 7.4 were 0.61µg/ml±0.02 and 0.67µg/ml ±0.06, 394 

respectively, while the cellular concentration of doxorubicin without the bicarbonate 395 

conditioning was 0.2µg/ml±0.03 and 0.37µg/ml±0.05 (Figure 3CII). 396 

 397 

Targeting bicarbonate to orthotopic breast cancer tumors.  To test the capacity of the 398 

bicarbonate liposomes to target breast cancer tumors in vivo, liposomes were loaded with 399 

Gadolinium (Gd, a molecular tracer) plus bicarbonate, and injected intravenously to mice 400 

bearing orthotopic triple-negative breast cancer (4T1) tumors. The accumulation of 401 

liposomal Gd-bicarbonate versus free (non-liposomal) Gd-bicarbonate in the tumor tissue 402 

was quantified 24 hours post intravenous administration. Elemental analysis (ICP) of the 403 

tissue indicated that 3.7%±0.34 of the injected dose accumulated in the tumor in the 404 

liposomal-Gd bicarbonate group, compared to 0.17%±0.04 in the non-liposomal free Gd 405 

group. This finding confirms the favorable targeting of PEGylated nano liposomes to the 406 

tumor, compared to free bicarbonate molecules injected intravenously.  407 

Inside the tumor, we studied the partition of liposomes between the extracellular matrix 408 

(ECM) versus liposomes taken up by the tumor cells. Gd-loaded liposomes were injected 409 

intravenously to mice bearing orthotopic triple-negative breast cancer tumors. Twenty-four 410 

hours later we resected the tumors and quantified the Gadolinium in the tumor cells and in 411 

the ECM. We found that majority (93±1%) of the liposomes were located in the ECM, 412 

while only 7±1% of the liposome were taken up by the tumor cells, Figure 5A. Previous 413 

studies suggest that the discrepancy between the relatively high accumulation of 414 

nanoparticles in solid tumors [63-71], versus the rather comparable therapeutic efficacy to 415 

the free drug, suggests that liposomes captured in the extracellular matrix have low 416 

bioavailability [71-73]. Several approaches have been employed to improve the 417 

bioavailability of drugs loaded into nanoparticles trapped in the extracellular matrix, 418 

including using ultrasound [74-81], enzymes [26, 82] or cell-specific surface modifications 419 
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such as using monoclonal antibodies, cationic lipids or phospholipid-anchored folate 420 

conjugates to facilitate rapid cellular uptake and escape ECM trapping [83-86]. 421 

While the main site of bicarbonate activity seems to be in the extracellular matrix, 422 

intracellularly, the bicarbonate liposomes may neutralize the endosomal pH, triggering 423 

cytosolic release of doxorubicin as well, similarly to the ‘proton sponge’ theory [87]. 424 

Having this said, we believe the dominant mechanism is drug release outside the cell.  425 

 426 

Tumor pH. The intra-tumoral pH was measured 24 hr after an intravenous injection of 427 

liposomal bicarbonate to BALB/c mice bearing orthotopic triple negative breast cancer 428 

tumors. We chose to measure the pH at this time point since the liposomal accumulation 429 

has been shown to peak then in the tumor post IV injection [25, 27]. The pH value in the 430 

liposomal bicarbonate-treated group was 7.38±0.04 compared to 7.13±0.06 in the untreated 431 

tumor (Figure 5). pH measurement of healthy mammary fat pad had a physiological value 432 

of 7.46±0.01. These data indicate that liposomal bicarbonate can elevate the tumor pH. 433 

Each tumor was measured in three different sites (as mentioned in the Methods section): 434 

two peripheral points and one measurement in the tumor core. For the untreated group, the 435 

average of all the measurements was 7.13±0.06, while the pH value measured in the tumor 436 

core was 6.89±0.03, compared to 7.3±0.04 in the peripheral measurements. These results 437 

demonstrate the ability to affect tumor pH using liposomal bicarbonate. While the 438 

differences in pH values between the treated and untreated groups may seem minor, the 439 

corresponding proton concentration alterations are much more significant and can affect 440 

the protonation state of doxorubicin molecules. Using the Hendrson–Hasselblach equation 441 

(pKa of doxorubicin is 8.2) [88], the unionized form of doxorubicin is 76% greater at pH  442 

7.38 compared to 7.13, which is  reflected by increased cellular uptake of the drug. 443 

 444 

Sodium bicarbonate nanoparticles as an adjuvant treatment in vivo. The effect of 445 

liposomal bicarbonate on the anti-tumor activity of free and liposomal doxorubicin activity 446 

was examined in mice bearing orthotopic 4T1 tumors (Figure 6A). A sub-therapeutic dose 447 

of doxorubicin (4 mg/kg-body-weight) was administered in order to evaluate the adjuvant 448 
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activity of the nanoparticulate sodium bicarbonate. Mice treated with liposomal 449 

doxorubicin combined with liposomal bicarbonate had the best therapeutic outcome 450 

compared to all other treatment groups (Figure 6B).  Comparing the tumor sizes of all the 451 

experimental time-points (1-21 days post treatment) confirmed that mice treated with a 452 

sub-therapeutic doxorubicin dose plus bicarbonate had the slowest disease progression 453 

compared to mice treated with free (non-liposomal) doxorubicin or with liposomal 454 

doxorubicin (Figure 6B).  455 

Postmortem tumor sizing confirmed that the combined treatment of liposomal bicarbonate 456 

and doxorubicin (free or liposomal) was superior to all other treatment groups (Figure 457 

6C&G). Three weeks after the treatment (i.e., 36 days from the commencement of the 458 

experiment) mice were scanned for the presence of metastases. Interestingly, lung 459 

metastases were observed in the untreated and free doxorubicin groups but not in the 460 

combined (doxorubicin and bicarbonate) group (Supplementary Figure S1). For future 461 

studies, a longer follow up period may be more informative [89, 90].  462 

We propose that the increase of pH generated by the liposomal bicarbonate increased the 463 

unionized form of doxorubicin thereby enhancing its cellular uptake and anti-tumor 464 

activity. Moreover, pH modification by liposomal bicarbonate can enhance the release of 465 

doxorubicin from liposomes, both explaining the improved therapeutic effect we observed 466 

[37].  467 

The effect of the combined treatment on the tumor microenvironment immune cell 468 

population was also analyzed. The abundance of CD45+ immune cells, CD19+ (B cells), 469 

CD3+ (T-cells) or CDF/48+ (macrophages), was examined using quantitative flow 470 

cytometry. 1.5-2-fold increase in the total immune cell population (CD45+) was recorded 471 

in groups treated with liposomal bicarbonate compared to the other groups (Figure 6D). 472 

Moreover, an increase in T cells, B cells and macrophages populations was observed in 473 

groups treated with liposomal bicarbonate (Figure 6E-F). This finding suggests that the 474 

adjuvant activity of the bicarbonate liposomes is beyond reducing tumor size alone, and 475 

affecting the tumor microenvironment as well. The endothelial cell population was not 476 

affected by either of the treatments. Recently, several studies demonstrated a correlation 477 

between the acidic tumor pH environment and immunosuppression [91-94]. Antitumor 478 
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effectors such as interferon gamma (INFg) lose their function at acidic pH [91, 93, 95]. 479 

Moreover, modification of the tumor acidic microenvironment by bicarbonate inhibited the 480 

growth and progression of several murine tumors [11, 93], this effect was attributed to 481 

increased T-cell infiltration [93]. Additionally, a combined treatment of bicarbonate and 482 

cancer immunotherapies such as immune checkpoint blockade (anti-CTLA-4, anti-PD1) or 483 

adoptive T-cell transfer (ACT) enhanced the anti-tumor responses [93, 95]. Autophagy is 484 

one of the ways cancer cells use to prolonged survival in the acidic tumor 485 

microenvironment, using bicarbonate pro-autophagy signals were diminished [95]. These 486 

results warrant further investigation regarding the capacity of bicarbonate alone to act as a 487 

therapeutic modulator of the tumor microenvironment. 488 

The administration of free sodium bicarbonate through the systemic circulation raises 489 

safety concerns through the development of metabolic alkalosis and hypernatremia [3, 11]. 490 

Having this said, bicarbonate has been suggested to counter the acidic tumor 491 

microenvironment [3, 4, 7, 8, 11, 96]. Mathematical diffusion models show that orally 492 

administered bicarbonate cannot counteract the acid load in tumors [4]. For this reason, 493 

nanoparticle-targeted delivery of sodium bicarbonate can increase bicarbonate 494 

accumulation in the tumor tissue while decreasing the risks of adverse effects and toxicity.  495 

Herein, bicarbonate nanoparticles were demonstrated as an effective adjuvant treatment. 496 

We found that nanoscale liposomes increase the accumulation of bicarbonate in the tumor 497 

tissue. When combined with doxorubicin, bicarbonate supported cellular uptake of the drug 498 

and improved the therapeutic efficacy. Combined treatment using an adjuvant may enable 499 

lowering drug doses by enhancing the uptake of the available drug. This study aims to 500 

show the feasibility of a combined treatment using targeted bicarbonate and doxorubicin 501 

nanoparticles, future studies should be conducted to study the effect of bicarbonate for 502 

overcoming drug-resistance, by enhancing cellular drug penetration. This work showed 503 

that nanotechnology holds great potential as an adjuvant treatment for conditioning the 504 

tumor microenvironment towards improved drug activity.  505 
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 506 

Figure 1: Sodium bicarbonate nanoparticles. Liposomes encapsulating sodium bicarbonate were 507 

constructed of HSPC, cholesterol and PEG-DSPE at 50mM total lipid concentration (A) having a mean 508 

diameter of 103nm (B), and a zeta potential of -7.37mV (A). The intra-liposomal pH was 7.8±0.02, measured 509 
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using a pyranine indicator (C-D). Intra-liposomal pH measurements over time showed stable values over one 510 

week (25 oC). (E steps1-3) Direct pH measurements of the aqueous phase after being extracted during the 511 

liposome formulation process. (E step4) Normalized pH of the aqueous phase after Bligh and Dyer phase 512 

separation. 513 
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 514 

Figure 2: Bicarbonate enhances the activity of doxorubicin in 4T1 breast cancer cells. (A) A schematic 515 

representation of the mechanism of doxorubicin uptake by cancer cells in acidic and neutral environments. 516 

(B+C) Cell viability was measured in representative physiological (7.4) and cancerous (6.5) pH. Doxorubicin 517 
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(0.5µg/ml) with and without sodium bicarbonate (50mM), or HEPES, was added to cancer cells in culture, 518 

and cell viability was measured after 24 hours. (D+E) measurement of cell media pH change throughout the 519 

experiments. (F) Doxorubicin effect on cells’ viability with and without NaHCO3 (50mM). a and a’ indicate 520 

p<0.05 while significant differences between groups b to b’, c to c’, d to d’ had p<0.01. (G) Cell viability 521 

(left axis) after treatment with different concentrations of NaHCO3 (5-75mM) combined with doxorubicin, 522 

statistical significance (**p<0.01). Right axis presents media pH measurements during the experiment.  523 

Error bars represent standard deviation from 3 to 5 independent repeats. *Significant difference between 524 

treatments, where *p<0.05, **p<0.01, ***p<0.001 according to a Student’s t-test with a two-tailed 525 

distribution with equal variance. 526 
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  527 

Figure 3: Bicarbonate enhances the uptake of doxorubicin by 4T1 breast cancer cells. (A) Increased 528 

cellular uptake of doxorubicin (red) can be seen using fluorescent microscopy after adding bicarbonate to the 529 

culture, compared to doxorubicin uptake without bicarbonate. Cell nucleus is stained blue.  (B) Quantifying 530 

doxorubicin uptake using flow cytometry indicated a right-shift in the histogram of cells treated with 531 
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combined treatment (blue histogram) representing a 2-fold increase in doxorubicin uptake when combined 532 

with bicarbonate. MFI represents the mean fluorescence intensity. (C) Doxorubicin concentrations after being 533 

extracted from the cells (II) with or without bicarbonate; concentrations were determined based on calibration 534 

curve of the drug dissolved in methanol (I).  (D) Quantification of doxorubicin fluorescent intensity in the 535 

cell’ nuclei, measured using image analysis of more than 10,000 cells in each group.  Scale bars in (A) 536 

represent 20µm; error bars represent standard deviation from 3 to 5 independent repeats. *Significant 537 

difference between treatments, where *p<0.05, **p<0.01, ***p<0.001 according to a Student’s t-test with a 538 

two-tailed distribution with equal variance. 539 

 540 

Figure 4: Combined treatment of bicarbonate and different chemotherapeutic agents: (A+B) Cisplatin 541 

(pKa 5.06, 3.8µg/ml) and 5-fluorouracil (5FU, pKa 8.02, 1.3µg/ml) effect on 4T1 breast cancer cells after 542 

combination with bicarbonate (50mM) and HEPES buffer (50mM). (C) Summary of bicarbonate effect on 543 

chemotherapeutic agents' activity on 4T1 cells after a combined treatment.  544 

 545 
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 546 

Figure 5: Bicarbonate liposomes effect in the tumor microenvironment. (A) Bicarbonate liposomes 547 

biodistribution in the cells and extracellular matrix (ECM) of orthotopic triple-negative tumors 24 hours after 548 

intravenous injection. (B+C) In vivo pH measurements of the tumor and healthy tissue. The intra-tumoral pH 549 

was measured using microelectrodes 24-hr after administering bicarbonate liposomes (B). Treated tumors 550 
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with liposomal bicarbonate modified the pH in the tumor tissue after IV injection, compared to untreated 551 

mice(C). Red circles represent pH tumor core measurements while the blue represent peripheral ones. 552 

7.13±0.06 and 7.38±0.04 represent the averaged pH of all measurements in the untreated and treated groups 553 

respectively. pH of healthy mammary fat pad was found to be in the physiologic range, 7.46±0.01. Error bars 554 

represent standard deviation of the mean from 5-7 independent repeats. *Significant difference between 555 

treatments, where *p<0.05, **p<0.01, ***p<0.001according to a Student’s t-test with a two-tailed 556 

distribution with equal variance. (D) Breast cancer tumors ultrasound scanning before and during the 557 

injection of bicarbonate or empty liposomes. B-mode images present the tumor. Before and during the 558 

injection, images were taken using contrast-mode. (E) Contrast mean power ratio measures the change in the 559 

contrast during liposomes injection, blue curve represents bicarbonate liposomes and the red curve represents 560 

empty liposomes. The contrast means power ratios 1 min after the liposomes injection (compared to pre 561 

injection) were 1.41±0.2(n=3) and 1.04±0.02(n=3) for NaHCO3 liposomes and empty liposomes respectively 562 

(p value=0.08).  563 
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 564 

Figure 6: Liposomal bicarbonate increases doxorubicin efficacy in breast cancer. The effect of 565 

liposomal bicarbonate as an adjuvant for enhancing doxorubicin activity in-vivo, was studied (A). Once 566 
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tumors reached 100-200mm^3 treatments began, using free doxorubicin(dox) (4 mg/kg-body-weight), 567 

liposomal doxorubicin (4 mg/kg) and a combination of the two with liposomal NaHCO3. Tumors were sized 568 

every other day. In all the time points, for each mouse the tumor size was normalized to the initial size 569 

measured at day 1(B), a and a' show statistical differences(p<0.05) after 12 days and continued through the 570 

last time point (21 days), statistical differences(p<0.05) between b and b' were observed later, in the last two 571 

measurements. For c and c' differences were observed after 10 days (p<0.05). At the end of the experiments 572 

tumors were extracted, weighed and imaged (C and G). An increase in total immune cell (CD45+), T cells 573 

(CD3+), B cells (CD19+) and macrophages(CDF/48+) populations in the tumor tissue was also observed in 574 

the treatment groups (D-F). (F) Macrophages ratio in the tumor tissue normalized to untreated group. Error 575 

bars represent standard deviation of the mean from 4 to 5 independent repeats. *Significant difference 576 

between treatments, where *p<0.05, according to a Student’s t-test with a two-tailed distribution with equal 577 

variance.   578 
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