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Highlights 20 

• Doxorubicin-containing liposomes can be labeled with the positron-emitting 21 

radionuclide 89Zr with no impact on their original physicochemical properties. 22 

• Radiolabeling is stable in vivo and enables imaging and biodistribution studies 23 

of the liposomes using positron emission tomography (PET). 24 

• The radiolabeling method is clinically translatable and would allow early 25 

assessment of existing and novel doxorubicin liposome biodistribution in 26 

humans or personalized medicine (nanotheranostic) approaches.  27 
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Abstract 29 

INTRODUCTION: Doxil/Caelyx is a PEGylated liposomal formulation of the 30 

chemotherapeutic doxorubicin used in the clinic for Kaposi’s sarcoma, advanced 31 

ovarian cancer, progressive multiple myeloma and metastatic breast cancer. 32 

Talidox®, a smaller doxorubicin PEGylated liposome is undergoing clinical trials and 33 

has been proposed as an improvement on previous liposomal formulations for the 34 

treatment of advanced solid tumors. We aimed to validate an easily translatable 35 

radiolabeling method using zirconium-89 (89Zr) that enables quantitative whole-body 36 

PET imaging of these formulations to study their biodistribution and 37 

pharmacokinetics. 38 

METHODS: [89Zr][Zr(oxinate)4] was produced using a kit-based approach followed 39 

by use as a direct radiolabeling agent of the liposomal formulations. DFT studies 40 

were performed to elucidate the mechanism behind the radiolabeling stability 41 

observed within the liposomes. Purified 89Zr-labelled Doxil/Talidox® liposomes (5 42 

mg/kg doxorubicin dose) were administered in female BALB/c mice bearing 4T1 43 

tumors. PET/CT imaging was acquired at 20 min, 24 h, 48 h, and 72 h, followed by 44 

post-mortem biodistribution at 72 h.  45 

RESULTS and DISCUSSION: Both formulations were radiolabeled efficiently with 46 

high stability in serum in vitro for 72 h. In vivo, both formulations showed high tumor 47 

uptake at 72 h (18.5 ± 2.4 % IA/g for Doxil and 20.2 ± 2.3 % IA/g for Talidox). In 48 

general, ex vivo biodistribution showed similar uptake values for both formulations 49 

with high spleen/liver uptake and low bone uptake, confirming stability. Talidox® 50 

showed significantly lower spleen uptake and higher uptake in bone than Doxil. DFT 51 

studies confirmed that doxorubicin can form complexes with 89Zr that are more stable 52 

than [89Zr][Zr(oxinate)4], explaining the radiolabeling mechanism and stability results 53 

in vitro and in vivo. 54 

CONCLUSIONS: Clinically available PEGylated liposomes containing doxorubicin 55 

can be efficiently radiolabelled with 89Zr for PET imaging studies, using a clinically 56 

translatable radiolabelling method.   57 
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1. Introduction 60 

Doxorubicin, an anthracycline chemotherapeutic agent, has been employed in the 61 

management of various malignancies, including acute leukemia, Hodgkin's and non-62 

Hodgkin’s lymphoma, soft tissue sarcoma, and solid tumors such as breast cancer  63 

[1]. Despite the demonstrated efficacy, the utility of doxorubicin is limited by 64 

associated common adverse effects, notably cardiotoxicity, and bone marrow 65 

suppression, significantly compromising the patient’s quality of life.  66 

Encapsulation of doxorubicin within liposomal delivery systems can enhance its 67 

tolerability and minimize toxicity. The first liposomal doxorubicin formulation was 68 

introduced to the market as Doxil® in 1995 [2], this PEGylated liposome formulation 69 

is approved for the treatment of AIDS-related Kaposi's sarcoma, ovarian cancer, 70 

multiple myeloma, and breast cancer [1]. Although with fewer reported side effects, 71 

the formulation does produce specific side effects linked with dosage, such as the 72 

hand-foot syndrome, a dose limiting side effect of the treatment [1] [3]. 73 

Talidox® represents a smaller PEGylated liposomal formulation also containing 74 

doxorubicin which underwent a Phase I/IIa clinical trial in Switzerland 75 

(NCT03387917) for advanced solid tumors. This reduced size is designed to 76 

enhance its tumor permeation capacity [4] [5]. In the clinical studies, Talidox® 77 

showed improved efficacy in advanced solid tumors and reduced side effects in 78 

comparison with other doxorubicin PEGylated liposomal formulations[5].  79 

The mechanism underlying both PEGylated liposome formulations centers on 80 

facilitating doxorubicin delivery to the tumor via the Enhanced Permeability and 81 

Retention (EPR) effect. In brief, liposomes preferentially accumulate in well-82 

vascularized tumors; the mechanism appears to be based on highly permeable 83 

capillaries that allow the extravasation of nano-scale agents into the tumor 84 

microenvironment. The latest research shows that the process is complex and active 85 

[6, 7]. Approximately a fifth of the endothelial cells appear to transport the 86 

nanoparticles into the tumor microenvironment, and these cells are upregulated in 87 

genes that facilitate nanoparticle transfer [6] [7]. This process is further enhanced by 88 

a reduced lymphatic clearance, leading to the accumulation of liposomal doxorubicin. 89 

The liposome must possess a relatively prolonged circulation half-life to achieve high 90 

accumulation, which is attained by PEGylation of the membrane [8]. 91 

Nonetheless, the EPR effect has been established as heterogeneous in humans [9]. 92 

Tumors exhibiting inadequate accumulation tend to exhibit suboptimal responses to 93 

Doxil and other liposomal formulations [10]. Ascertaining poor accumulation by 94 

monitoring the tumor's response could potentially delay transitioning to more 95 

conventional therapeutic modalities. A non-invasive and quantifiable technique able 96 

to assess the accumulation of liposomes and predict the therapy outcome before a 97 

response is measured could improve the patient’s outcome, assess the effect of 98 

coadjuvant therapies, or detect resistance.   99 

Nuclear imaging represents an excellent technique for this purpose due to its 100 

quantifiable and non-invasive nature. An array of SPECT (111In, 99mTc) and PET 101 

radionuclides (124I, 64Cu) [10] have been used clinically as reviewed by Man et al. 102 

[10]. The radionuclide of choice should have certain characteristics for optimal 103 
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clinical use. Firstly, PET imaging using positron-emitting radionuclides (18F, 68Ga, 104 
89Zr) is superior to SPECT imaging (111In, 99mTc) in quantification and sensitivity. 105 

Secondly, the chemical nature of the radionuclide will also affect radiolabeling 106 

stability and its half-life. Because of similar biodistribution and kinetics to antibodies 107 

(Abs), liposomes require radiolabeling with a radionuclide with a medium half-life, 108 

allowing imaging for at least 3 days. Good manufacturing practices (GMP) grade 109 

radionuclide availability must also be considered, as it is difficult to resource. 89Zr is 110 

currently the radionuclide of choice, widely used to label Abs. For clinical 111 

applications, 89Zr has a suitable half-life of 78 h and a low positron range, which 112 

results in optimal PET image resolution.  113 

Several approaches for radiolabeling of nanomedicines with 89Zr have been 114 

explored, the majority of which use bifunctional chelators attached to the surface of 115 

the nanomaterial [11] [12]. However, this surface labeling approach using chelators 116 

has shown caveats such as modification of the chemical properties of the surface of 117 

liposomes which can lead to modified biodistribution [13].  118 

To minimize the chemical modifications of the liposomal surface, which can lead to 119 

modified biodistribution, we propose using direct labeling using the ionophore oxine. 120 

We first described the use of 89Zr-oxine complex for radiolabelling and PET imaging 121 

of PEGylated liposomes[14-16]. This radiotracer has shown excellent liposome 122 

radiolabelling properties due to is lipophilic and neutral nature, allowing efficient 123 

crossing of the lipid bilayer, and its metastability results in intraliposomal radionuclide 124 

release where it binds to internal components (i.e. metal-binding drug molecules). 125 

This method aims to be simpler and translatable and confer a stable labeling. The 126 

two described formulations, generic Doxil and Talidox, were labeled with this 127 

approach and studied in vitro and in vivo to evaluate the label's stability in vivo and 128 

usability for planned future clinical use.  129 

  130 
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2. Material and methods 131 

2.1. Materials 132 

Deionized water was obtained from a PURELAB® Chorus 1 Complete instrument 133 

(Veolia Water Systems LTD, UK) with 18.2 MΩ cm resistance and was used through 134 

this study. Talidox was provided by InnoMedica Holding AG (Switzerland). 135 

Doxorubicin Accord PEGylated liposomal 2mg/mL Concentrate for solution for 136 

infusion (Accord Healthcare Limited, UK) a bioequivalent of Doxil was provided by 137 

Guy’s Hospital Pharmacy (London, UK) and henceforth, will be addressed as Doxil in 138 

this work. Plain HSPC/CHOL/mPEG2000-DSPE Liposomes (50:45:5 mol/mol, 100 139 

nm) (Formumax Scientific Inc., United States) were used as placebo liposomes 140 

(empty PEGylated liposomes). 89Zr was purchased from PerkinElmer as [89Zr]Zr-141 

oxalate in 1.0 M oxalic acid (BV Cyclotron, VU, Amsterdam, the Netherlands). All 142 

other chemicals and reagents were commercially available and of analytical grade 143 

and used without further purification.  144 

2.2. Radiolabeling feasibility  145 

Radiolabeling feasibility experiments were performed to assess the suitability of the 146 

label in vitro by studying the radiochemical yield (RCY), liposome stability, and 147 

serum stability (SS) of the purified labeled liposomes. The labeling consisted of a 148 

two-step incubation radiosynthesis: 1) Production of the lipophilic 89Zr-oxine complex 149 

2) Radiolabeling of the liposomes and purification. 150 

2.2.1. Production of [89Zr]Zr(oxinate)4 151 

Labeling feasibility was carried out by preparing [89Zr]Zr(oxinate)4 using a previously 152 

described radiopharmaceutical kit [17, 18].One to 4 µL  of [89Zr]Zr-oxalate (1M) 153 

Perkin Elmer (Netherlands) was added to 50-100 µL  of the kit. The radiochemical 154 

purity of [89Zr][Zr(oxinate)4] was confirmed by radioTLC, using Whatman n°1 filter 155 

paper (Cytiva, USA) and EtOAc as mobile phase. RadioTLCs were acquired with 156 

Scan-RAM equipped with a PET probe (LabLogic Systems Limited, United 157 

Kingdom). Data was visualized with Laura radiopharmacy software (LabLogic 158 

Systems Limited, United Kingdom). Regions of interest (ROI) were drawn to quantify 159 

the area under the curve. A radiochemical purity (RCP) of oxine above 80% was 160 

deemed acceptable to continue to the second step.  161 

2.2.2. Radiolabeling of the liposomes and purification 162 

Ten µL (1-2 MBq) of [89Zr][Zr(oxinate)4] were added to 200 µL of generic Doxil or 163 

Talidox® preheated to 50 °C. The suspension was incubated with periodical shaking 164 

for 30 min. To a previously PBS equilibrated size exclusion column (PD Minitrap™ 165 

G-25, Cytiva, USA), 500 µL of either liposomal formulation (210 µL of liposomes + 166 

290 µL PBS) were added. The purified liposomes were eluted with 700 µL of PBS, 167 

discarding the first 200 µL, and the rest 500 µL were kept as the purified particle (Pp) 168 

sample. RCY was calculated as the activity in the collected fraction divided by the 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 

=�� ��+ �� 100   Equation 1. 298 
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	� �  ��
 � 100   Equation 1. 299 

2.2.3. Quality control of the radiolabeled liposomes. 300 

Quality control of the liposomes involved 
2.2.4. Serum stability studies 301 

Radiochemical serum stability (SS) was tested in human serum from human male 302 

AB plasma, USA origin, sterile-filtered (Sigma-Aldrich, USA) in a ratio 1:1 incubated 303 

at 37°C for 72 h. Radiochemical purity (RP) of the liposomes was assessed using an 304 

ÄKTApurifier (GE, Sweden) equipped with a SuperoseTM 6 Increase 10/300 GL 305 

(Cytiva, USA) column running with 0.5 ml per min PBS flow. Fractions of 1 mL were 306 

collected and measured in the gamma counter 1282 COMPUGAMMA CS  (Wallac, 307 

Finland). The activity of the fractions with the same retention time as the unlabeled 308 

liposomes (Pp) was divided by the activity of the total fraction (AT) and represented 309 310 311 312 313 314 315 316 317 318 319 320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359 360 361 362 363 364 365 366 367 368 369 370 371 372 373 

=�� ��+ ��� 100   Equation 2 �� %=�� ��+ ��� 100  .  374 

�� �%� � 	� 
�	� � ���� � 100   Equation 2. 375 

2.3. Preclinical production of 89Zr-labeled liposomes.  376 

To achieve the required activity concentration for preclinical studies, [89Zr]Zr-oxalate 377 

underwent a conversion/concentration step. Forty-eight MBq were diluted in 250 µL 378 

of Chelex-treated water and loaded in a pre-conditioned Sep-Pak Accell Plus QMA 379 

Plus Light Cartridge (Waters, USA), the activity was eluted with 500 µL of HCl in 380 

fractions, the fractions with most activity were joined (totaling 27 MBq) and dried 381 

under a N2 stream at 50 °C (for 20-30 min), after that the solid remaining was 382 

incubated with 80 µL  the radiopharmaceutical oxine kit for 15 min at room 383 

temperature [17]. Twenty-five µL of the kit was added to Doxil (500 µL) and 15 µL to 384 

Talidox (500 µL).  385 

The radiochemical purity of the injected liposomes was tested with Amicon® Ultra 386 

0.5 mL 30 K filters (Millipore, Merk, Germany).10 µL of the liposome solution was 387 

added to 400 µL of PBS to the Amicon® filter followed by washing three times with 388 

400 µL of PBS, measuring the filtrate and the remaining activity in the liposomes. If 389 

the RCP was below 95%, the liposomes underwent a purification step by washing 390 

three times in PBS in an Amicon® Ultra 0.5 mL 30 K filter and tested again for 391 

radiochemical purity. DLS size measurements were performed. The final 392 

concentration of Doxorubicin was 0.125 mg per dose for both formulations. The lipid 393 

concentration of Doxil was adjusted with Placebo liposomes to the same 394 

concentration as Talidox (3.2 µmol per mouse).  395 

  396 
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2.4. Density functional theory.  397 

The intraliposomal coordination chemistry and high stability of 89Zr radiolabeling was 398 

studied with density functional theory (DFT). DFT was used for all calculations with 399 

the Gaussian 16 program (version C.01) [19]. Structures were geometry optimized 400 

without symmetry constraints, in an aqueous solution using the SMD self-consistent 401 

reaction fields [20]. Each optimized structure was confirmed as local minima on the 402 

PES via frequency calculations. DFT calculations were undertaken with the B3LYP, 403 

M06-2X, ωB97xd, or PW6B95D3 functional, and either 6-31G(d,p), LANL2DZ, 404 

LANL2TZ, DGDZVP, Def2-TZVP, or Sapporo-TZP-2012 basis sets (sourced from 405 

the online Basis Set Exchange) [21-29]. Mixed basis sets were used via the ‘gen’ 406 

keyword, with the Sapporo-TZP-2012 basis set for Zr and 6-31G(d,p) for ligand 407 

atoms. When first-order SCF failed to converge, quadratically convergent SCF was 408 

employed F(via the 'scf = xqc' keyword). Default values for temperature and pressure 409 

were used (298.15 K, 1 atm). The default integration grid (UltraFine, 99 radial shells, 410 

590 angular points per shell) was used throughout. Root mean square error (RMSE), 411 

mean absolute error (MAE), and continuous shape measurement (CShM) were 412 

chosen to analyze the optimized geometries [30]. 413 

Doxorubicin was fragmented to retain most of its electronic system relevant for 414 

coordination to reduce the computational cost of calculation, this fragment was 415 

referred to as Dox in the computational study (Supplemental Figure S1), oxinate as 416 

Ox, and their protonated counterparts as HDox and HOx respectively. As suggested 417 

by Kheirolomoom and coworkers, Dox was coordinated to zirconium via its least 418 

sterically hindered aldol [31]. The converged geometry from Gaussian was used as 419 

the only conformer for each structure under study, whilst multiple isomers for each 420 

complex were calculated and the lowest energy isomer taken forward. Boltzmann 421 

population distribution was used to estimate the distribution of zirconium species 422 

within the liposome at different simulated pHs.  423 

An appropriate basis set and functional was determined via benchmarking their 424 

geometries against a crystal structure of Zr(oxinate) [29] [32] which would be the left-425 

most complex on the reaction coordinate for the DFT experiments. The chosen basis 426 

sets were judged employed with the functional B3LYP (Supplemental TABLE S1). 427 

The best performing basis sets were Def2-TZVP and Sapporo-TZP-2012/6-31G(d,p), 428 

which calculated geometries with the lowest MAE and RMSE; Sapporo-TZP-2012/6-429 

31G(d,p) was chosen for its faster optimization time in calculating the Zr(oxinate) 430 

geometry. This basis set was then used in benchmarking the chosen functionals 431 

(Supplemental TABLE S2). ωB97xd and M06-2X scored almost identically in the 432 

error metrics, CShM, and relative optimization time. M06-2X was taken forward as a 433 

better match for the chosen self-consistent reaction field (SCRF), SMD, an SCRF 434 

that was parameterized using other Minnesota functionals (M05-2X),2 and as such, 435 

the expectation was that M06-2X would perform better in calculating accurate Gibbs 436 

energy values compared to ωB97xd.  437 

The pH range inside the aqueous environment of the liposome throughout the 438 

experiment is estimated to fall between neutral and acidic (intraliposomal pH 5 439 

(NH4)2SO4 buffer) [33]. Therefore, the experiment and reaction schemes were 440 

designed under a simulated neutral or acidic environment. This required identifying 441 

the possible ligands that exist in free solution under different pH conditions and 442 
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investigating the equilibrium of proton transfer between HDox, Dox, HOx, and Ox 443 

(Supplemental Scheme S1). This suggests that under neutral conditions 444 

(Supplemental Scheme S2), free Ox will be consumed by any free HDox (∆G = -27 445 

kJ mol-1), liberating free Dox for complexation. Under acidic conditions 446 

(Supplemental Scheme S2), Ox and Dox will both be protonated to HOx and HDox (-447 

67 and -40 kJ mol-1 respectively). These results match the predicted pKa values from 448 

Ji and co-workers’ graph-convolutional neural network pKa predictor [34] – 7.8 for 449 

HOx, 7.1 and 7.2 for HDox. 450 

2.5. In vivo model in BALB/c mice bearing 4T1 orthotopic tumors.  451 

2.5.1. Cell culture and inoculation 452 

4T1 cells were cultured in complete RPMI medium supplemented with L-glutamine (2 453 

mM), Penicillin (100 units)/Streptomycin (0.1 mg) per mL, and fetal bovine serum at 454 

37 °C in a humidified atmosphere with 5% CO2. The cells were detached using 455 

TrypLE Express Enzyme ™ (Gibco, Thermo Fisher, USA) and washed with 50 ml 456 

PBS twice by centrifugation at 500 g. The cell suspension was concentrated to 10 457 

million cells per ml of PBS.   458 

2.5.2. In vivo imaging  459 

Animal imaging studies were ethically reviewed and carried out in accordance with 460 

the Animals (Scientific Procedures) Act 1986 (ASPA) UK Home Office regulations 461 

governing animal experimentation. One million of 4T1 cells in 0.1 ml of PBS were 462 

subcutaneously implanted in the first mammary pad of BALB/c female mice aged 56-463 

60 weeks (Charles Rivers, UK). 464 

After 1 week of tumor growth, the mice were anesthetized using gaseous isoflurane 465 

with 1 L per min O2 flow. The mice body temperature was regulated at 37 °C using a 466 

heating block. Mice were injected with either approximately 0.8 MBq of [89Zr]Zr-Doxil, 467 

0.7 MBq of [89Zr]Zr-Talidox®, or PBS intravenously through the tail vein (n=4 for 468 

imaging groups, n=2 for controls). 469 

The mice were transferred to the nanoPET/CT scanner (Mediso, Hungary) with 470 

acquisition software Nucline-2.01.020 (Mediso, Hungary). All animals were imaged 471 

for 30 min followed by a CT scan. The imaging was repeated at time points 24 h, 48 472 

h, and 72 h, with the duration of scans corrected for decay. Tail vein blood 473 

withdrawals were collected in 10 µL capillary tubes at regular intervals and weighed 474 

to determine blood pharmacokinetics. Static PET reconstruction was performed 475 

using standard settings on Nucline v.0.21 software.  476 

2.5.3. Image analysis 477 

Images were analyzed and preprocessed using VivoQuant software (version 3.5, 478 

InviCRO) to show the image scales in %IA/g (percentage Injected Activity per gram 479 

of tissue) and the bed and probe was removed to allow Maximum Intensity 480 

Projections (MIPs) visualization. For the ROIs analysis the images were 481 

preprocessed to Bq and ROIs were drawn on the organs of interest for each time 482 

point. The resulting Bq per ROI was divided by the injected dose and voxel volume. 483 
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The resulting %IA/mL values were plotted against time (0 to 72 h) and AUC analysis 484 

was performed using GraphPad 10.2. 485 

2.5.4. Ex vivo biodistribution and blood pharmacokinetics.  486 

At the end of the last imaging session (72 h) the mice were culled by cervical 487 

dislocation and the organs were harvested for biodistribution measurements. Each 488 

organ was weighed and measured in the gamma counter, together with standards 489 

prepared from a sample of the injected material, to calculate the %IA/g values for 490 

each tissue sample. The %IA/g for blood was also calculated from blood samples, 491 

plotted against time and the data fitted to a single exponential decay model to 492 

calculate the biological blood circulation half-life of each liposome. 493 

2.5.5. Autoradiography  494 

The tumors were snap-frozen in isopropanol at -80 °C and sectioned to 10 µm 495 

thickness to perform autoradiography. Half of the tumors were kept at -80 °C for 496 

CFT. The sections were exposed to GE phosphor plate overnight. The phosphor 497 

plate was developed with the Phosphoimager tool of Typhoon Amersham (GE, 498 

USA). Images were processed in the Imaging software ImageQuantTL 10.0 -261 499 

(Cytiva, USA).  500 

2.5.6. Cryofluorescence tomography (CFT)  501 

CFT was performed on tumors using the Xerra CFT cryomacrotome (Xerra™, Emit 502 

Imaging, Baltimore, MD). The CFT uses a 12-megapixel camera, 6 channel laser 503 

module and 7 interchangeable emission filters to automatically slice and sequentially 504 

image, providing isotropic images in white light and fluorescence. Tumors were 505 

prepared as follows. 506 

The -80 °C frozen tissues previously described were embedded in optimal cutting 507 

temperature (OCT) compound in a block measuring 8 x 6 x 4 cm and frozen at -20 508 

°C. For CFT, the frozen block was transferred to the cutting stage inside the cryo-509 

chamber at -14 °C and was serially sectioned at 20 µm increments. The block face 510 

was imaged at each sectioning plane in white light (WL) and fluorescence imaging 511 

(DOX: ex 470 nm/em 620 nm) using Xerra Controller software (Emit Imaging). Raw 512 

WL and fluorescent images were reconstructed in the Xerra Reconstruction software 513 

(Emit Imaging) and MHD files (MetaImage Metaheader files) of the whole block were 514 

generated for WL and fluorescent images. Maximum intensity projections (MIPs) of 515 

the whole block fluorescent images were then created using ImageJ software. 516 

2.6. Statistics 517 

Descriptive data are presented as mean ± standard deviation unless otherwise 518 

mentioned. Results were considered statistically significant at p < 0.05, without 519 

correction for multiple comparisons. Comparison of groups, non-linear regression 520 

analysis and generation of graphs was performed using GraphPad Prism version 10 521 

(GraphPad Software 10.4).  522 

  523 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

11 

 

3. Results and Discussion 524 

3.1. Radiolabeling feasibility studies. 525 

Radiochemical yield for both formulations in feasibility studies was 59 ± 5 % (n=4) for 526 

Talidox® and 62 ± 8 % (n=4) for generic Doxil. The radiochemical stability in human 527 

serum after 72 h incubation at 37°C was 77 ± 11% (n=3) for Talidox® and 76 ± 16 % 528 

(n=3) for Doxil (Figure 1A). The stability is comparable to previously imaged [89Zr]Zr-529 

labeled antibodies (Ab) [35], which was suitable for preclinical imaging. Although 530 

[89Zr]Zr−DFO labeled Ab have generally shown superior in vitro serum stability 531 

values (<95%), however, it does not directly translate to in vivo stability in all cases, 532 

and even showing indirect correlation in some instances [36]. Therefore, stability was 533 

deemed sufficient to progress into in vivo studies. Hydrodynamic size (Z-average), 534 

polydispersity index (PDI) and surface charge (zeta-potential) of the liposomal 535 

formulations before and after labeling were not significantly different, as shown in 536 

Error! Reference source not found.B-D. Minimal impact on hydrodynamic size 537 

confirmed no modifications to the size of the liposomes, an important property 538 

defining the circulation half-life as well as biodistribution. The polydispersity index 539 

remained below <0.3 after radiolabeling, which is considered acceptable for clinical 540 

formulations of phospholipid-based nanocarriers indicating homogenous populations 541 

of liposomes. Finally, surface charge also remained similar, suggesting that the 542 

membrane has not been modified and thereby limiting any impact of biodistribution 543 

and pharmacokinetics.  544 

This radiolabeling of liposomal formulations would be compatible with GMP 545 

standards. The typical clinical patient dose of Doxil for an average woman (1.6 m2 
546 

body surface area) is 16 – 40 mL depending on the pathology [1] and trials with 547 

Talidox have used ca. 64 mL also considering an average woman [37]. This would 548 

allow a minimum addition of up 800 µL of oxine kit (5 % of the total labelling volume 549 

of 16 mL) which effectively permits addition of 15 % of [89Zr]Zr-oxalate (120 µL of 550 

[89Zr]Zr–oxalate, >120 MBq) leading to clinical dose of >40 MBq of purified 551 

liposomes (under the assumption of minimal RCY of 30%). This dose of radiolabeled 552 

liposomes is feasible for conventional PET/CT studies [38]. Moreover, with the 553 

advent of clinical total-body PET imaging scanners, this required dose could likely be 554 

reduced due to the higher sensitivity of these novel instruments [39]. This is in 555 

contrast with other reported methods, which include an extensive synthesis scheme 556 

requiring solvents such as chloroform only approved as impurities (EMEA exposure 557 

limits of 0.6 mg dose/60 ppm)[40, 41]. Such residual impurities are often measured 558 

by gas chromatography [42] which is often cumbersome and sparsely available in 559 

traditional radiopharmacies. The 89Zr-oxine labelling kit was optimized and designed 560 

to be similar to the already established [111In]In-oxine labeling kit, which should 561 

facilitate regulatory approval for clinical studies/trials [43].  562 

Thereby, this labeling fulfilled the two objectives of feasibility studies. Firstly, the 563 

labeling process was simple, highly reproducible, and easily scalable to clinical 564 

doses. Secondly, the resulting radiolabel was stable and did not modify the 565 

physicochemical properties of the liposomes. 566 
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 567 

Figure 1. A) Comparison of the radiochemical yield (RCY) and serum stability (SS) at 72 h for generic Doxil (Red) and Talidox 568 

(Green). B) Z-average (Z-Ave) in nm of Talidox and Doxil before (blue) and after (orange) labelling. C) Polydispersity index 569 

(PDI). D) Z-potential in mV. All column heights represent mean values and error bars represent standard deviations.  570 

3.2. Preclinical production of 89Zr-labelled liposomes 571 

To achieve the high specific activity required for preclinical studies, the radiolabelling 572 

process was modified. In the modified radiolabelling process, pre-processing of 89Zr 573 

was performed to achieve higher specific activity. This involved loading of the 574 

[89Zr]Zr-oxalate on a strong hydrophilic and anionic exchanger cartridge and eluting 575 

concentrated [89Zr]ZrCl4 in a small volume. This concentrated 89Zr was then used for 576 

the radiolabelling of liposome formulations. The radiochemical yield of Doxil was 577 

30.3% with a RCP of 92.4% thereby, needing a purification step as the RCP was 578 

below the QC limit of 95%). The purification was performed using Amicon® Ultra 579 

Centrifugal Filters providing radiolabelled Doxil with an RCP of 97.4% and 580 

accounting for the losses compared to feasibility studies. Talidox had a decay-581 

corrected radiochemical yield of 48% with RCP of 98.5% and thereby, requiring no 582 

further purification. As expected, no physicochemical impact of radiolabelling was 583 

observed on hydrodynamic size, surface charge, and polydispersity for both Doxil 584 

and Talidox, comparable to the unlabelled liposomes. 585 

The need for high specific activity was necessary for the preclinical step due to the 586 

limits on volume administered intravenously and liposomal doxorubicin dose in mice 587 
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(maximum limits of administration: 200 µL i.v. for the ~20 g mice used in this study 588 

and 5 mg/Kg of doxorubicin). However, it is important to note that the volume 589 

administration limits for patients in a clinical setting are much larger [1] and thereby, 590 

removing the need of the concentration step, as discussed in the previous section.  591 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

3.3. DFT calculations support the experimentally observed high 89Zr 592 

radiolabelling stability of doxorubicin-loaded liposomes 593 

Density functional theory was used to model the reaction between Zr(oxinate)4 and 594 

doxorubicin in an aqueous solution to replicate the reaction conditions within a 595 

liposome. Experiments were conducted in simulated acidic and neutral environments 596 

at the M06-2X/SAPPORO-TZP-2012/6-31G(d,p) level. Geometry optimization and 597 

frequency calculations provided Gibbs energy values for each arrangement of the 598 

ligand substitution between Zr(Ox)4 and Dox (a fragment of doxorubicin) via a 599 

dissociative mechanism (Figure 2). In both acidic and neutral environments, the 600 

substitution was shown to be thermodynamically feasible with Boltzmann distribution 601 

calculations suggesting that the neutral scenario would have a majority of Zr(Dox)4 602 

(99.7%). The acidic scenario would have a majority of [Zr(Ox)1(Dox)2]
+ (97.2%). 603 

Please refer to supporting information for in-depth simulation results for the neutral 604 

and acidic environment (Supplemental Scheme S1 and S2). 605 

 606 

 607 

Figure 2. Calculated Gibbs energy levels and accompanying relative change in Gibbs energy in kJ mol-1 relative to the 608 

starting arrangement of Zr(Ox)4 and four HDox ligands in aqueous solution, in the conversion of Zr(Ox)4 into Zr(Dox)4 under 609 

simulated neutral conditions, at M06-2X/Sapporo-TZP-2012/6-31G(d,p)/SMD level. Upper table inset: count of Ox or Dox 610 

coordinated to zirconium in that arrangement; lower table inset: count of uncoordinated ligands Ox, HOx, and HDox in the 611 

aqueous solution to balance stoichiometric equivalence between arrangements. 612 

  613 
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3.4. In vivo imaging, biodistribution, and pharmacokinetic comparison of 614 

[89Zr]Zr-Doxil and [89Zr]Zr-Talidox  615 

After successful experimental and computational confirmation of the stability of 616 

radiolabelled liposomal formulations, the tracking of radiolabelled Doxil and 617 

Talidox was performed in a syngeneic breast cancer 4T1 model in 618 

immunocompetent BALB/c mice. The 4T1 tumour model was chosen due to its 619 

spontaneous, metastatic tumour growth in BALB/c mice and that closely mimics 620 

late-stage human breast cancer. The tumour cells were implanted on the first 621 

mammary pad to avoid any tumour accumulated radiotracer signal interference 622 

with PET signal emanating from expected liver and spleen accumulation of 623 

liposomal nanomedicines.  624 

 625 
89Zr labelling allowed tracking of Doxil and Talidox for up to 72 h due to its long 626 

half-life and high stability of the radiolabel. Representative images of the 627 

biodistribution of [89Zr]Zr-Doxil and [89Zr]Zr-Talidox observed at t = 20 min, 24 h, 628 

48 h and 72 h are shown in Figure 3. At early timepoints of t = 20 min and 24 h, 629 

both liposomal formulations were observed in high percentage in blood 630 

circulation. After 48 h, the majority of the accumulation was observed in the 631 

reticuloendothelial system (RES) organs i.e. spleen, liver, as well as in the 632 

tumour. At 72 h, this effect was even more pronounced with further increased 633 

accumulation in the spleen, liver, and tumour. These observed results are in line 634 

with similar PEGylated liposomal formulations [44].  635 

 636 

A

B

20 min 48 h24 h 72 h

20 min 48 h24 h 72 h

tumor

tumor

spleen

spleen

liver

liver

[89Zr]Zr-Talidox

[89Zr]Zr-Doxil

0 

30 

%
IA

/g

0 

30 

%
IA

/g

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

16 

 

Figure 3. Representative PET/CT images of one mouse per group. A) Doxil injected mouse at 20 min, 24 h, 48 h, and 637 

72h, showing progressive accumulation in tumour, liver and spleen. B) Talidox injected mouse at 20 min, 24 h, 48 h, 638 

and 72h, showing progressive accumulation in tumour, liver and spleen.  639 
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Quantitative image analysis – region of interest (ROI) analysis – also showed 640 

similar profiles for both formulations, as shown in Figure 4A,B. However, 641 

differences in the areas under the curve (AUCs) showing cumulative 642 

accumulation of liposomal formulations were significant for the heart/blood, bone, 643 

kidney, liver, lungs and very pronounced in spleen (see Figure 4C). A higher 644 

spleen accumulation for the Doxil formulation was observed as expected due to 645 

the bigger size of Doxil [45]. However, the increased accumulation of Doxil in the 646 

spleen did not lead to substantial decreased tumour delivery of Doxil compared to 647 

Talidox. This could be explained by the faster clearance of Talidox by the liver, 648 

which could further explain the higher observed bone uptake of Talidox due to the 649 

loss of free 89Zr label.  650 

 651 

The pharmacokinetic analysis shown in Figure 4D showed a statistically 652 

significant longer blood half-life for [89Zr]Zr-Talidox 16.5 h (R2 = 0.92) than for 653 

[89Zr]Zr-Doxil 12.7 h (R2 = 0.81), but the %IA/g for the blood compartment in the 654 

final timepoint of 72 h was not significantly different (Figure 5 5). This is in 655 

contrast to the half-life reported in other publications for Doxil, in the range of 20-656 

30 h [44]. Differences in the results could be due to using a different kinetic model 657 

for fitting the blood clearance. We chose a simple exponential one phase model 658 

because it gave similar R2 to more complex models as the two-phase model used 659 

in previous studies [46]. With our reduced sample size (n=4) and their variability 660 

in the first part of the curve, the two-phase model could not resolve the first 661 

phase.
He
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 662 

Figure 4. A) ROI analysis of 
89

Zr-Doxil mice of organs of interest. The solid line connects the calculated means in each 663 

time point and the shadowed area the standard deviation. B) ROI analysis of 
89

Zr-Talidox mice of organs of interest. C) 664 

Comparison of 
89

Zr-Doxil and 
89

Zr-Talidox AUCs(0-72 h) of organs of interest. The numbers represent the p value where a 665 

significant difference is found between formulations. D) Blood pharmacokinetics graph with the values of %IA/g versus 666 

time. A single exponential decay fitted and represented as a solid line.  667 
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In the context of biodistribution of liposomal formulations in the bones, it is 668 

important to note that free 89Zr has been previously known to accumulate in the 669 

hydroxyapatite matrix of the bone [47]. Due to the limited spatial resolution of 670 

PET imaging and the abovementioned accumulation of free 89Zr in bone mineral, 671 

image analysis using ROIs cannot be used to determine the PET signal 672 

originating from liposomes that might accumulate in the bone marrow. This issue 673 

was resolved in the ex vivo biodistribution studies by separating the bone marrow 674 

from the bone by high-speed centrifugation (Figure 5, Table S3). The radioactive 675 

signal in bone mineral measured using the gamma counter was as 3.2 ± 0.64 % 676 

(n=4) IA/g for Doxil and 9.5 ± 3.3 % (n=4) IA/g for Talidox, which was significantly 677 

different (P value = 0.0286). In contrast, the uptake in the bone marrow was 678 

higher for Doxil (9.4 ± 2.9 %; n=4) vs. Talidox (7.2 ± 1.5 %; n=4), but the 679 

difference was not statistically significant. The higher observed bone uptake for 680 

Talidox is likely due to a higher clearance of Talidox by the liver, as the bone 681 

uptake was more pronounced in the later time points (Figure 3). This observation, 682 

however, is unlikely to be due to the instability of the radiolabelling as that would 683 

lead to high bone uptake in the initial 24 h post-administration [48]. 684 

�

685 

 686 

Figure 5 5.Biodistribution of Doxil (red) and Talidox (green) at 72h post adminstration. The %IA/g is presented for each 687 

organ, and the numerical results are the mean of each group the error bar represents the standard deviation of the mean.* 688 

P ≤ 0.05 689 

3.5. Autoradiography and cryofluorescence tomography (CFT) inform 690 

intratumoural biodistribution 691 

There was high uptake in the tumour for both formulations as visualized qualitatively 692 

and quantitatively by PET imaging and ex vivo biodistribution studies ([89Zr]Zr-Doxil = 693 

18.5 ± 2.4 % IA/g (n=4), [89Zr]Zr-Talidox = 20.2 ± 2.3 % IA/g (n=4)) but did not inform 694 
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about intratumoural biodistribution and heterogeneity. We explored intratumoural 695 

biodistribution qualitatively through autoradiography of thin tumour sections (10 µm). 696 

The observed distribution within each section hinted towards  a more even 697 

distribution of [89Zr]Zr-Talidox ( 698 

 699 

Figure 66B) in the core compared to [89Zr]Zr-Doxil ( 700 

 701 

Figure 6A), which remained near the main blood vessels on the periphery of the 702 

tumour. This observation supports previous reports that Talidox has better 703 

penetration in solid tumours [45], and positively impact the outcome of the therapy in 704 

solid tumours. 705 

 706 

Figure 6. Autoradiography of sections of all tumors. A) contains a slice of 10 µm of each 707 

mouse tumor treated with [
89

Zr]Zr-Doxil and B) treated with [
89

Zr]Zr-Talidox. 708 

 709 

Cryofluorescence tomography (CFT), a whole tissue fluorescence imaging modality, 710 

allowed for the visualization of the accumulation of Doxorubicin loaded within both 711 

liposomal formulations. Error! Reference source not found. shows the MIP 712 

(maximum intensity projection) maps created from CFT readings, displaying the 713 

M1 M2 

M3 M4 

DOXIL 

M5 M6 

M7 M8 
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fluorescence signal across all tumour samples in the Doxorubicin energy 714 

wavelengths. Although the non-treated tumours (negative controls: M9 and M10) 715 

exhibited some degree of tissue autofluorescence, the doxorubicin-treated tumours 716 

(M1–8) consistently showed qualitatively higher fluorescence intensities. These 717 

results suggested that liposomal treatment delivers the doxorubicin to the tumours, 718 

consistent with the PET findings above. 719 

We must consider that the study had limitations. A relatively small sample size (n = 720 

4) was used for the in vivo studies and increasing this may have resulted in 721 

statistically significant differences in some organs (e.g. spleen). Furthermore, the 722 

CFT tumour imaging data showed high tissue autofluorescence signal, which is a 723 

result of the suboptimal excitation/emission properties of doxorubicin as a 724 

fluorophore for tissue imaging.   725 

 726 

Conclusions  727 

Liposomal formulations present advantages to traditional chemotherapy, including 728 

reduced side effects and similar effectiveness in solid tumours with properties that 729 

lead to accumulation via the EPR effect. Nevertheless, there is currently no tool 730 

available to identify these tumours and stratify patients for liposomal nanomedicine 731 

treatment, which leads to limited indications and potentially patients missing a more 732 

tolerable chemotherapy.  733 

The radiolabelling methodology proposed here would allow to use PET to image and 734 

stratify patients from the first dose, study the effect of coadjutant therapy (e.g.  735 

radiotherapy) or identify therapy resistance. The radiolabelling has been designed to 736 

produce minimal changes in the liposomes and would be easy to translate meeting 737 

GMP requirements. This approach can also be used as a de-risking strategy in the 738 

preclinical stages to test and identify novel formulations to progress through 739 

expensive clinical trials.  740 

Also importantly, the direct labelling of doxorubicin containing liposomes has been 741 

proved stable in vivo and in vitro, and for the first time we present DFT data that 742 

support the experimental findings, with evidence that 89Zr binds strongly to 743 

intraliposomal doxorubicin. 744 

  745 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

21 

 

Acknowledgements 746 

 747 

This work was supported by the Centre of Excellence in Medical Engineering funded by the 748 

Wellcome Trust and the Engineering and Physical Sciences Research Council (EPSRC) 749 

(grant number WT 203148/Z/16/Z); EPSRC Programme Grant (EP/S032789/1 750 

‘‘MITHRAS’’). PET scanning equipment at KCL was funded by an equipment grant from 751 

the Wellcome Trust under grant no WT 084052/Z/07/Z. Radioanalytical equipment was 752 

funded by a Wellcome Trust Multiuser Equipment grant: a multiuser radioanalytical facility 753 

for molecular imaging and radionuclide therapy research. The authors acknowledge support 754 

from the National Institute for Health Research (NIHR) Biomedical Research Centre based at 755 

Guy’s and St Thomas’ NHS Foundation Trust and KCL (grant no IS-BRC-1215-20006). The 756 

authors acknowledge the support of InnoMedica Holding AG for providing Talidox 757 

liposomes used in this study. The authors thank Dr Filipa Mota (Perspective Inc.) for 758 

facilitating access and running samples on the cryo-fluorescence Tomography (CFT) 759 

equipment based at Barts Cancer Institute, QMUL. The authors would like to thank the 760 

technical and preclinical team members of the Imaging Chemistry and Biology Department in 761 

the School of Biomedical Engineering and Imaging Sciences. 762 

References 763 

1] J.F. Committee, British National Formulary  (online), in, BMJ and Pharmaceutical Press, 764 

British National Formulary  (online), 2023, pp. http://www.medicinescomplete.com. 765 

[2] Y. Barenholz, Doxil®--the first FDA-approved nano-drug: lessons learned, J. Control. 766 

Release, 160 (2012) 117-134. 767 

[3] A.A. Gabizon, S. Gabizon-Peretz, S. Modaresahmadi, N.M. La-Beck, Thirty years from 768 

FDA approval of pegylated liposomal doxorubicin (Doxil/Caelyx): an updated analysis and 769 

future perspective, BMJ oncology, 4 (2025) e000573. 770 

[4] M. Sarkar, Y. Wang, O. Ekpenyong, D. Liang, H. Xie, Pharmacokinetic behaviors of soft 771 

nanoparticulate formulations of chemotherapeutics, Wiley Interdisciplinary Reviews-772 

Nanomedicine and Nanobiotechnology, 15 (2023). 773 

[5] I. Colombo, K.-L. Koster, L. Holer, S. Haefliger, M. Rabaglio, S. Bastian, M. Schwitter, 774 

K. Eckhardt, S. Hayoz, A.M. Mc Laughlin, TLD-1, a novel liposomal doxorubicin, in patients 775 

with advanced solid tumors: Dose escalation and expansion part of a multicenter open-label 776 

phase I trial (SAKK 65/16), Eur. J. Cancer, 201 (2024) 113588. 777 

[6] B.R. Kingston, Z.P. Lin, B. Ouyang, P. MacMillan, J. Ngai, A.M. Syed, S. Sindhwani, 778 

W.C. Chan, Specific endothelial cells govern nanoparticle entry into solid tumors, ACS nano, 779 

15 (2021) 14080-14094. 780 

[7] S. Sindhwani, A.M. Syed, J. Ngai, B.R. Kingston, L. Maiorino, J. Rothschild, P. 781 

MacMillan, Y. Zhang, N.U. Rajesh, T. Hoang, The entry of nanoparticles into solid tumours, 782 

Nature materials, 19 (2020) 566-575. 783 

[8] K. Aloss, P. Hamar, Recent Preclinical and Clinical Progress in Liposomal Doxorubicin, 784 

Pharmaceutics, 15 (2023) 25. 785 

[9] H. Maeda, Toward a full understanding of the EPR effect in primary and metastatic 786 

tumors as well as issues related to its heterogeneity, Adv. Drug Del. Rev., 91 (2015) 3-6. 787 

[10] H. Lee, A.F. Shields, B.A. Siegel, K.D. Miller, I. Krop, C.X. Ma, P.M. LoRusso, P.N. 788 

Munster, K. Campbell, D.F. Gaddy, S.C. Leonard, E. Geretti, S.J. Blocker, D.B. Kirpotin, V. 789 

Moyo, T.J. Wickham, B.S. Hendriks, 64Cu-MM-302 Positron Emission Tomography 790 

Quantifies Variability of Enhanced Permeability and Retention of Nanoparticles in Relation 791 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

22 

 

to Treatment Response in Patients with Metastatic Breast Cancer, Clinical Cancer Research, 792 

23 (2017) 4190-4202. 793 

[11] J. Pellico, P.J. Gawne, R. T. M. de Rosales, Radiolabelling of nanomaterials for medical 794 

imaging and therapy, Chem. Soc. Rev., 50 (2021) 3355-3423. 795 

[12] J. Duvenhage, M. Kahts, B. Summers, J.R. Zeevaart, T. Ebenhan, Highlighting New 796 

Research Trends on Zirconium-89 Radiopharmaceuticals Beyond Antibodies, Semin. Nucl. 797 

Med., 54 (2024) 801-811. 798 

[13] J.W. Seo, L.M. Mahakian, S. Tam, S.P. Qin, E.S. Ingham, C.F. Meares, K.W. Ferrara, 799 

The pharmacokinetics of Zr-89 labeled liposomes over extended periods in a murine tumor 800 

model, Nucl. Med. Biol., 42 (2015) 155-163. 801 

[14] S. Edmonds, A. Volpe, H. Shmeeda, A.C. Parente-Pereira, R. Radia, J. Baguña-Torres, I. 802 

Szanda, G.W. Severin, L. Livieratos, P.J. Blower, J. Maher, G.O. Fruhwirth, A. Gabizon, R. T. 803 

M. de Rosales, Exploiting the Metal-Chelating Properties of the Drug Cargo for In Vivo 804 

Positron Emission Tomography Imaging of Liposomal Nanomedicines, ACS Nano, 10 (2016) 805 

10294-10307. 806 

[15] P.J. Gawne, F. Clarke, K. Turjeman, A.P. Cope, N.J. Long, Y. Barenholz, S.Y. Terry, R.T. 807 

de Rosales, PET imaging of liposomal glucocorticoids using 89Zr-oxine: Theranostic 808 

applications in inflammatory arthritis, Theranostics, 10 (2020) 3867. 809 

[16] A. Polyak, J.P. Bankstahl, K.F.W. Besecke, C. Hozsa, W. Triebert, R.R. Pannem, F. 810 

Manstein, T. Borcholte, M. Furch, R. Zweigerdt, R.K. Gieseler, F.M. Bengel, T.L. Ross, 811 

Simplified 89Zr-Labeling Protocol of Oxine (8-Hydroxyquinoline) Enabling Prolonged 812 

Tracking of Liposome-Based Nanomedicines and Cells, Pharmaceutics, 13 (2021). 813 

[17] A.A. Khan, F. Man, F.N. Faruqu, J. Kim, F. Al-Salemee, A. Carrascal-Minino, A. Volpe, 814 

R. Liam-Or, P. Simpson, G.O. Fruhwirth, K.T. Al-Jamal, R.T.M. de Rosales, PET Imaging of 815 

Small Extracellular Vesicles via Zr-89 Zr(oxinate)(4) Direct Radiolabeling, Bioconjugate 816 

Chemistry, 33 (2022) 473-485. 817 

[18] F. Man, A.A. Khan, A. Carrascal-Minino, P.J. Blower, R.T.M. de Rosales, A kit 818 

formulation for the preparation of Zr-89 Zr(oxinate)(4) for PET cell tracking: White blood 819 

cell labelling and comparison with In-111 In(oxinate)(3), Nucl. Med. Biol., 90-91 (2020) 31-820 

40. 821 

[19] M. Frisch, F. Clemente, MJ Frisch, GW Trucks, HB Schlegel, GE Scuseria, MA Robb, 822 

JR Cheeseman, G, Scalmani, V. Barone, B. Mennucci, GA Petersson, H. Nakatsuji, M. 823 

Caricato, X. Li, HP Hratchian, AF Izmaylov, J. Bloino and G. Zhe, Gaussian, 9. 824 

[20] A.V. Marenich, C.J. Cramer, D.G. Truhlar, Universal solvation model based on solute 825 

electron density and on a continuum model of the solvent defined by the bulk dielectric 826 

constant and atomic surface tensions, The Journal of Physical Chemistry B, 113 (2009) 6378-827 

6396. 828 

[21] A.D. Becke, Density�functional thermochemistry. I. The effect of the exchange�only 829 

gradient correction, The Journal of chemical physics, 96 (1992) 2155-2160. 830 

[22] J.-D. Chai, M. Head-Gordon, Long-range corrected hybrid density functionals with 831 

damped atom–atom dispersion corrections, Physical Chemistry Chemical Physics, 10 (2008) 832 

6615-6620. 833 

[23] R. Ditchfield, W.J. Hehre, J.A. Pople, Self�consistent molecular�orbital methods. IX. 834 

An extended Gaussian�type basis for molecular�orbital studies of organic molecules, The 835 

Journal of Chemical Physics, 54 (1971) 724-728. 836 

[24] N. Godbout, D.R. Salahub, J. Andzelm, E. Wimmer, Optimization of Gaussian-type 837 

basis sets for local spin density functional calculations. Part I. Boron through neon, 838 

optimization technique and validation, Can. J. Chem., 70 (1992) 560-571. 839 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

23 

 

[25] P.J. Hay, W.R. Wadt, Ab initio effective core potentials for molecular calculations. 840 

Potentials for the transition metal atoms Sc to Hg, The Journal of chemical physics, 82 (1985) 841 

270-283. 842 

[26] B.P. Pritchard, D. Altarawy, B. Didier, T.D. Gibson, T.L. Windus, New basis set 843 

exchange: An open, up-to-date resource for the molecular sciences community, J. Chem. Inf. 844 

Model., 59 (2019) 4814-4820. 845 

[27] F. Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence and 846 

quadruple zeta valence quality for H to Rn: Design and assessment of accuracy, Physical 847 

Chemistry Chemical Physics, 7 (2005) 3297-3305. 848 

[28] Y. Zhao, D.G. Truhlar, Design of density functionals that are broadly accurate for 849 

thermochemistry, thermochemical kinetics, and nonbonded interactions, The Journal of 850 

Physical Chemistry A, 109 (2005) 5656-5667. 851 

[29] Y. Zhao, D.G. Truhlar, The M06 suite of density functionals for main group 852 

thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and 853 

transition elements: two new functionals and systematic testing of four M06-class functionals 854 

and 12 other functionals, Theor. Chem. Acc., 120 (2008) 215-241. 855 

[30] J. Cirera, E. Ruiz, S. Alvarez, Continuous shape measures as a stereochemical tool in 856 

organometallic chemistry, Organometallics, 24 (2005) 1556-1562. 857 

[31] A. Kheirolomoom, L.M. Mahakian, C.-Y. Lai, H.A. Lindfors, J.W. Seo, E.E. Paoli, K.D. 858 

Watson, E.M. Haynam, E.S. Ingham, L. Xing, Copper− doxorubicin as a nanoparticle cargo 859 

retains efficacy with minimal toxicity, Mol. Pharm., 7 (2010) 1948-1958. 860 

[32] P. Kathirgamanathan, S. Surendrakumar, J. Antipan-Lara, S. Ravichandran, V.R. Reddy, 861 

S. Ganeshamurugan, M. Kumaraverl, V. Arkley, A.J. Blake, D. Bailey, Discovery of two new 862 

phases of zirconium tetrakis (8-hydroxyquinolinolate): synthesis, crystal structure and their 863 

electron transporting characteristics in organic light emitting diodes (OLEDs), J. Mater. 864 

Chem., 21 (2011) 1762-1771. 865 

[33] A. Gabizon, R. Shiota, D. Papahadjopoulos, Pharmacokinetics and Tissue Distribution of 866 

Doxorubicin Encapsulated in Stable Liposomes With Long Circulation Times, JNCI: Journal 867 

of the National Cancer Institute, 81 (1989) 1484-1488. 868 

[34] X. Pan, H. Wang, C. Li, J.Z. Zhang, C. Ji, MolGpka: A web server for small molecule p 869 

K a prediction using a graph-convolutional neural network, J. Chem. Inf. Model., 61 (2021) 870 

3159-3165. 871 

[35] E.M. Jagoda, F. Basuli, C. Olkowski, I. Weiss, T.E. Phelps, K.R. Wong, A.T. Ton, K.C. 872 

Lane, S. Adler, D. Butcher, E.F. Edmondson, S. Langermann, P.L. Choyke, Immuno-PET 873 

Imaging of Siglec-15 Using the Zirconium-89-Labeled Therapeutic Antibody, NC318, Mol. 874 

Imaging, 2023 (2023). 875 

[36] S. Heskamp, R. Raavé, O. Boerman, M. Rijpkema, V. Goncalves, F. Denat, Zr-Immuno-876 

Positron Emission Tomography in Oncology: State-of the-Art  877 

Zr Radiochemistry, Bioconjugate Chemistry, 28 (2017) 2211-2223. 878 

[37] M. Sarkar, Y. Wang, O. Ekpenyong, D. Liang, H. Xie, Pharmacokinetic behaviors of soft 879 

nanoparticulate formulations of chemotherapeutics, Wiley Interdisciplinary Reviews: 880 

Nanomedicine and Nanobiotechnology, 15 (2023) e1846. 881 

[38] G.A.M.S. Van Dongen, M.C. Huisman, R. Boellaard, N.H. Hendrikse, A.D. Windhorst, 882 

G.W.M. Visser, C.F.M. Molthoff, D.J. Vugts, Zr-immuno-PET for imaging of long circulating 883 

drugs and disease targets: why, how and when to be applied?, Q. J. Nucl. Med. Mol. Imaging, 884 

59 (2015) 18-38. 885 

[39] S. Vandenberghe, P. Moskal, J.S. Karp, State of the art in total body PET, EJNMMI 886 

Phys, 7 (2020) 35. 887 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

24 

 

[40] A. Polyak, J.P. Bankstahl, K.F.W. Besecke, C. Hozsa, W. Triebert, R.R. Pannem, F. 888 

Manstein, T. Borcholte, M. Furch, R. Zweigerdt, R.K. Gieseler, F.M. Bengel, T.L. Ross, 889 

Simplified (89)Zr-Labeling Protocol of Oxine (8-Hydroxyquinoline) Enabling Prolonged 890 

Tracking of Liposome-Based Nanomedicines and Cells, Pharmaceutics, 13 (2021). 891 

[41] I.C.H.H.T. Guideline, Impurities: Guideline for residual solvents Q3C (R5), Current 892 

Step, 4 (2005) 1-25. 893 

[42] M.J. Rocheleau, M. Titley, J. Bolduc, Measuring residual solvents in pharmaceutical 894 

samples using fast gas chromatography techniques, J. Chromatogr. B Analyt. Technol. 895 

Biomed. Life Sci., 805 (2004) 77-86. 896 

[43] F. Man, T. Lammers, T.M.d.R. R, Imaging Nanomedicine-Based Drug Delivery: a 897 

Review of Clinical Studies, Mol. Imaging Biol., 20 (2018) 683-695. 898 

[44] A. Gabizon, H. Shmeeda, Y. Barenholz, Pharmacokinetics of pegylated liposomal 899 

doxorubicin - Review of animal and human studies, Clin. Pharmacokinet., 42 (2003) 419-900 

436. 901 

[45] D.C. Litzinger, A.M.J. Buiting, N. Vanrooijen, L. Huang, Effect of Liposome Size on the 902 

Circulation Time and Intraorgan Distribution of Amphipathic Poly(Ethylene Glycol)-903 

Containing Liposomes, Bba-Biomembranes, 1190 (1994) 99-107. 904 

[46] A. Soundararajan, A. Bao, W.T. Phillips, R. Perez III, B.A. Goins, [186Re] Liposomal 905 

doxorubicin (Doxil): in vitro stability, pharmacokinetics, imaging and biodistribution in a 906 

head and neck squamous cell carcinoma xenograft model, Nucl. Med. Biol., 36 (2009) 515-907 

524. 908 

[47] D.S. Abou, T. Ku, P.M. Smith-Jones, In vivo biodistribution and accumulation of 89Zr in 909 

mice, Nucl. Med. Biol., 38 (2011) 675-681. 910 

[48] D.S. Abou, T. Ku, P.M. Smith-Jones, In vivo biodistribution and accumulation of  911 

Zr in mice, Nucl. Med. Biol., 38 (2011) 675-681. 912 

  913 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.17.660144doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.17.660144
http://creativecommons.org/licenses/by/4.0/


 

25 

 

Supplementary Information 914 

 915 

 916 

[[Figure S1]] Fragment of doxorubicin used in the DFT study to provide the ‘HDox’ fragment.  917 

 918 

Basis Seta 

Relative optimisation 

time MAE (all)b/Å MAE (Zr-Donor)/Å MAE (Zr-N)/Å MAE (Zr-O)/Å RMSE/Å CShM 

LANL2DZ 1.0 0.135 0.144 0.113 0.169 0.534 1.755 

LANL2TZ 1.4 0.115 0.194 0.226 0.155 0.474 1.499 

DGDZVP 2.2 0.121 0.202 0.218 0.185 0.507 1.701 

Def2-TZVP 15.4 0.106 0.182 0.241 0.091 0.470 1.626 

Sapporo-TZP-2012/6-

31G(d,p) 2.1 0.112 0.182 0.242 0.086 0.465 1.607 

Experimental XRDc             1.337 

[[TABLE S1]] Comparison of error parameters for the DFT optimised geometries of Zr(oxinate)4 in aqueous solution for different basis sets 919 

and the B3LYP functional. 920 

a
 Calculated with the B3LYP functional. 

b
 Mean absolute error of the bonds between all atoms apart from C-H bonds. 

c
 Experimental single-921 

crystal X-ray data from Cambridge Crystallography Data Centre deposition number 798048. 922 

 923 

 924 

Basis Seta Relative optimisation time MAE (all)b/Å MAE (Zr-Donor)/Å MAE (Zr-N)/Å MAE (Zr-O)/Å RMSE/Å CShM 

B3LYP 1.0 0.112 0.182 0.242 0.086 0.465 1.607 

M06-2X 1.3 0.093 0.101 0.121 0.076 0.671 1.356 

ωB97xd 1.4 0.093 0.114 0.141 0.077 0.610 1.357 

PW6B95D3 1.1 0.091 0.107 0.134 0.070 0.839 1.778 

Experimental XRDc             1.337 

[[TABLE S2]] Comparison of error parameters for the DFT optimised geometries of Zr(oxinate)4 in aqueous solution for different functionals 925 

with Sapporo-TZP-2012/6-31G(d,p). 926 

a
 Calculated with the Sapporo-TZP-2012/6-31G(d,p) basis set. 

b
 Mean absolute error of the bonds between all atoms apart from C-H bonds. 927 

c
 Experimental single-crystal X-ray data from Cambridge Crystallography Data Centre deposition number 798048. 928 
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Simulated neutral environment 930 

 931 

 932 

[[Scheme S1]] Reaction scheme for the conversion of Zr(Ox)4 to Zr(Dox)4 via a dissociative pathway in a simulated neutral environment; 933 

proton exchange between Ox and HDox [[Scheme 1, Reaction 1]], provides free Dox for complexation. 934 
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Simulated acidic environment 936 

 937 

[[Scheme S2]] Acidic environment reaction scheme of Zr(Ox)4 conversion to Zr(Dox)4 via a dissociative pathway. 938 
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Biodistribution data at 72 h 940 

 Doxil Talidox 
Tissue Mean SD Mean SD 
Blood 8.8 3.7 5.8 1.2 
Heart 3.9 0.8 3.1 0.2 
Lungs 4.4 1.3 3.8 0.3 

Thymus 5.4 1.2 4.5 0.6 
Bile 1.1 0.4 2.0 1.2 
Liver 19.6 1.1 17.3 1.8 

Pancreas 1.5 0.4 1.8 0.6 
Spleen 63.9 16.3 38.4 4.1 

Stomach 1.6 0.5 2.3 0.6 
Small intestine 5.0 0.5 4.3 0.4 
Large intestine 1.9 0.6 1.6 0.2 

Urine 1.3 0.3 1.5 0.6 
Bladder 1.0 0.2 1.4 0.1 
Kidney 9.4 1.1 8.5 0.5 
Ovary 2.0 0.8 1.0 0.6 
Uterus 6.3 1.0 5.6 1.6 

Tail 4.4 2.4 3.0 0.4 
Skin/fur 3.1 0.7 3.4 0.9 
Bone 3.2 0.6 9.5 3.3 

Muscle 0.8 0.2 0.8 0.3 
Salivary Glands 4.9 1.9 5.6 3.8 

Brain 0.3 0.1 0.2 0.0 
Bone marrow 9.4 2.9 7.2 1.5 

Tumour 18.5 2.7 20.2 2.6 
Table S3. Table compiling the biodistribution data for both formulations, the values represent means and standard deviation 941 

of the %IA/g of the organs of interest during the biodistribution at 72 h.  942 

 943 
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