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Abstract: Molecular imaging of breast cancer is increasingly recognized as a valuable tool for optimizing therapeutic interventions. Among potential targets for molecular imaging reporters, Carbonic Anhydrase IX (CAIX) stands out for its overexpression in tumors characterized by large hypoxic areas and aggressive phenotypes. CAIX, a transmembrane glycoprotein involved in pH regulation, displays a unique proteoglycan-like (PG) domain, not present in other isoforms, that could represent a specific target for imaging and therapy. While existing high sensitivity imaging techniques such as Positron Emission Tomography (PET) and optical imaging have been applied for CAIX targeting, no in vivo study utilizing Magnetic Resonance Imaging (MRI) to target CAIX has yet been reported. Herein, we address this gap by applying CAIX PG-targeting liposomes in the first in vivo MRI study on a murine model of breast cancer. TS/A cells were subcutaneously injected to generate primary tumors in mice, and targeted liposomes were delivered intravenously after 15 days. Internalization of the targeted liposomes by receptor-mediated endocytosis led to an enhanced MRI signal in the tumor region. Cytoplasmic and endosomal distribution of the liposomes’ payload was observed. On the other hand, unfunctionalized liposomes and liposomes bearing a scrambled peptide, while entering tumor cells in smaller amounts, localized only to endosomes as expected through macropinocytosis. The specificity towards the CAIX PG domain not only offers improved diagnostic capabilities but also opens avenues for targeted therapeutic delivery. The findings reported herein suggest that liposomal formulations exploiting receptor-mediated endocytosis are promising tools for the diagnosis and treatment of tumors overexpressing CAIX, particularly in breast cancer.
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1. Introduction
Molecular Imaging of breast cancer is emerging as a promising tool for optimizing therapeutic treatments in oncological patients[1]. Ideal targets for the design of Molecular Imaging tracers are membrane-bound proteins, overexpressed as the tumor growth slightly overcomes the initial stages. Recent studies assign a central role to pH gradient inversion in reinforcing various fundamental traits of cancer, including metabolic adaptation, immune evasion, and drug resistance, making it an attractive target for early diagnosis and therapy[2][3]. The molecular mechanisms underlying pH gradient reversal described so far include the overexpression of several ion pumps, channels on the plasma membrane along with overexpression of some isoforms of carbonic anhydrase as well as an increase in the glycolitic metabolic pathway[4][5].
Among these hallmarks, the expression of Carbonic Anhydrase IX (CAIX) is associated to tumors characterized by large hypoxic areas exhibiting an aggressive phenotype more resistant to radiotherapy and chemotherapy. CAIX thus represents an intrinsic reporter of hypoxia and an important prognostic marker[6][7].
 CAIX is a transmembrane glycoprotein that catalyses the hydration of carbon dioxide into bicarbonate ions and protons. CAIX is normally expressed in intestinal epithelial tissue and it is upregulated in various forms of cancer, including breast cancer [8][9]. Its structure differs from other CA isoforms due to the presence of a unique proteoglycan-like domain (PG) protruding from the globular catalytic domain of the enzyme[10][11].
To date, several inhibitors and monoclonal antibodies (mAbs) directed against human CAIX have been extensively investigated[12]. The development of CAIX inhibitors as anticancer agents has also fostered the development of specific probes for diagnostic purposes for in vitro and in vivo Molecular Imaging of different types of solid tumors (with particularly robust results observed in the case of renal carcinoma)[13].
A new 99mTc-SPET tracer has been developed to detect Renal cell carcinoma (RCC) cells expressing CAIX in vivo [14]. It is based on acetazolamide, a clinically approved pan-CA inhibitor [15]. The authors demonstrated that the radiotracer is able to accumulate within the tumor, with a visibly higher signal inside the RCC xenograft compared to kidneys. Furthermore a fluorescent nanobody directed against CAIX has been reported for surgical application in orthotopical murine models of ductal carcinoma in situ (DCIS)[16].
The chimeric mAb G250, known under the commercial names of RENCAREX® or GIRENTUXIMAB, is in phase III clinical trials for the treatment of metastatic renal tumors[17][18], and their radiolabeled analogues have been proven to be highly effective in a combined targeted radiopharmaceutical therapy and immune checkpoint inhibition for RCC treatment[19]. The conjugation of G250 with superparamagnetic iron oxide (SPIO) nanoparticles led to a Molecular MRI nanoprobe that has been successfully used for the detection of RCC in vitro[20]. 
In vivo imaging currently offers a number of probes for CAIX targeting utilizing PET and OI techniques[21][22]. However, from the best of our knowledge, there are not yet found in vivo imaging strategies for systems suitable for MRI. The advantages for a MRI probe would be several, namely
a high anatomical resolution, a decreased invasiveness in respect to PET and an enhanced penetration in biological tissues in respect to OI. Additionally, current in vivo targeting approaches have solely focused on the enzyme's catalytic site, which shares high sequence homology with other CA isoforms[23], thus limiting the potential for an improved specificity.
Furthermore, targeting the PG domain of CAIX holds significant promise for designing efficient breast tumor theranostics [24]. Besides offering greater specificity, PG targeting boasts considerable therapeutic potential as the PG appears to be involved in cell-cell adhesion and pH homeostasis in cancer cells, thereby a key role in promoting tumor invasion [11][25][26].
Recently, we carried out an in vitro study on a breast cancer cell line employing a targeting strategy based on the use of a liposome encapsulating a “quenched” solution of gadolinium-based contrast agent[27]. The liposomes were functionalized with a peptide that specifically recognizes the PG domain of CAIX[28].  Liposomes are a widely used drug delivery system [29] due to their biocompatibility and versatile ability to encapsulate active components in their aqueous core or incorporate them into their phospholipidic bilayer [30][31][32].  The results of our work showed a good internalization of the probe into the tumor cells, accompanied by the release of the liposome payload in the cytoplasmatic compartment, thus yielding a marked increase in the MRI signal. 
On the basis of the promising in vitro results, we deemed it of interest to translate this targeting approach to the PG domain of CAIX from cells to in vivo breast cancer murine models. 

2. Experimental section
2.1 Materials
Phospholipids and chemicals for the preparation of liposomes were purchased from Sigma-Aldrich Co. (Merck, St. Louis, MO, USA). GdHPDO3A injectable solution was kindly provided by Bracco Imaging S.p.A. (Colleretto Giacosa (TO), Italy). The culture medium RPMI 1640, the biological buffers, fetal bovine serum (FBS), glutamine, penicillin–streptomycin mixture, and trypsin were purchased from Euroclone S.p.A. Rhodamine was purchased from Sigma-Aldrich (St Louise, MO, USA). Immunofluorescence reagents, including DAPI and Phalloidin were purchased from Sigma-Aldrich Co. All Fmoc-protected amino acids were purchased from Novabiochem®, and N,N-diisopropylcarbodiimide (DIC), OxymaPure®, and Fmoc-H-Rink Amide ChemMa-trix resin (0.4 mmol/g) were purchased from Sigma-Aldrich Co. (Merck, St. Louis, MO, USA). Solvents for synthesis, deprotection reagents and cleavage reagents were of synthesis grade and purchased from Sigma-Aldrich Co. (Merck, St. Louis, MO, USA). Solvents and other chemicals used for high-performance liquid chromatography (HPLC) were purchased from VWR International. Peptides were synthesized using a Liberty Blue™ automated microwave peptide synthesizer purchased from CEM, following a standard Fmoc protocol. The H-Rink Amide ChemMatrix resin was used as solid support.

2.2 Preparation and characterization of Liposomes
The lipid mixture chosen for liposome synthesis consisted of DPPC (1, 2-Dipalmitoyl-sn-glycero-3- phosphocholine), DSPE-PEG 2000 MeO (1,2-Distearoyl-sn-glycero-3-phosphoethanolamine N-[methoxy(polyethyleneglycol)-2000], ammonium salt), and DSPE-PEG 2000 Mal (1,2- distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] ammonium salt) at a 95:4:1 molar ratio, respectively. Liposomes were prepared using the thin-film hydration method[33]. Briefly: the MRI probes (herein named Lip_Pep and LiP_SCR) were prepared by dissolving the lipid components in chloroform (20 mg lipid/mL). The organic solvent was removed in vacuum until a thin film was formed. Then, the film was hydrated at 55 °C with a solution of GdHPDO3A 300 mM at pH 7.4. The suspension was progressively extruded at 55 °C through polycarbonate filters of decreasing pore size: 400 nm (two times), and 200 nm (three times). Liposomes suspension was split in three parts. One of these parts was let to react with a controlled excess of the specific peptides (Pep) to functionalize the maleimide residues present on the liposomal surface (Lip_Pep). The second part was let to react with a controlled excess of the non-specific peptides (SCR) to functionalize the maleimide residues present on the liposomal surface (Lip_SCR) and control liposome (LIP) left as it is. Non-encapsulated GdHPDO3A and unbound peptide were removed by extensive dialysis carried out against an isotonic HEPES buffer (5 mM HEPES, 0.15 M NaCl, pH 7.4) at 4 ◦C using a dialysis cellulose membrane with 14 KDa molecular weight cut-off purchased from Sigma-Aldrich, St. Louis, MO, USA. Additional liposomes (with the same membrane composition) were prepared, containing Rhodamine B 0.1 mM in Hepes  buffer 300 mOsm (herein named RLip_Pep; RLip_SCR; RLIP, respectively), for confocal studies. The mean hydrodynamic diameter of liposomes was determined by means of dynamic light scattering measurements (Malvern ZS Nanosizer, Malvern Instrumentation, UK) at 25 °C and a scattering angle of 90°. 10 μL of liposome suspension was diluted in 1 mL of filtered isotonic HEPES buffer (pH 7.4). Triplicate measurements were performed. The final concentration of Gd-HPDO3A in the liposome suspensions was determined by NMR magnetic susceptibility measurement (the Evans assay), on a Bruker 600 MHz spectrometer (AVANCE 600, 14 T).
Rhodamine B concentration was determined fluorimetrically (λex = 553 nm, λem = 579 nm , Fluoromax-4 spectrofluorimeter (Horiba Jobin Yvon)) after complete degradation of liposomes upon the application of several cycles of sonication using a tip at 70% power.
Relaxivity measurements were performed at 21.5 MHz on liposome suspensions diluted to a Gd3+ concentration of 1 mM before and after 40-second cycles of sonication using a tip at 70% power.
To verify the binding of the peptide on the surface of the liposome, measurements were performed using Nanodrop (NanoDrop One/OneC UV-Vis, Thermo Fisher Scientific Inc.). The NanoDrop spectrophotometer provides a comprehensive UV-Vis spectroscopic analysis and has a wide spectral range (190-850 nm) suitable for the measurement of peptides, DNA, and RNA. The absorbance of the peptide backbone at 205 (recommended for peptides that lack or have few Trp and Tyr residues as in Pep and SCR cases) was measured.

2.3 Solid phase peptide synthesis
Targeting peptides were prepared as described in ref (pharmaceutical). Briefly: Standard couplings of amino acids were carried out in DMF using DIC/OxymaPure® activation and piperidine deprotection. After completing the synthesis, the resin with the bound peptide was moved into a reactor for washings and then cleavage. Washings were done with 100 mL of Dimethylformamide (DMF) first, then with 100 mL of Dimethyl carbonate (DMC), and finally with 25 mL x 2 of EtOEt. For drying, the reactor was connected to the vacuum pump for 1 hour. The peptide was cleaved from the resin manually by using Trifluoroacetic acid (TFA) under gentle agitation for 2 hours at room temperature in the presence of scavengers (standard cleavage solution: TFA/Phenol/MilliQWater/Triisopropyl silane (TIPS) 88:5:5:2) to avoid oxidation. After filtration, the crude peptides were precipitated by the addition of cold diethyl ether, centrifuged, washed with cold Et2O five times, dried and dissolved in ultrapure water. Analyses of synthesized peptides were carried out by UPLC-MS Acquity H-Class Plus, on an Acquity UPLC Peptide BEH C18 column (300 Å, 1.7 µm, 2.1 mm x 100 mm), both purchased from Waters, with solvent B (acetonitrile with 0.05% TFA) versus solvent A (water with 0.05% TFA) using a 5%–95% to a 100%-0% gradient, at a flow rate of 0.4 mL/min for 13 min. Purification was performed through an HPLC AKTA purifier 10 on an X Terra Perp MS C18 OBDTM (5 µm, 19 mm x 100 mm) column in order to recover a fraction that would ensure the highest purity, and a new UPLC-MS analysis was performed. Finally, peptides were frozen, lyophilized, and stored at -20°C.

2.4 Cells culture
TS/A cells were grown in a L-GLUT RPMI 1640 medium supplemented with 10% FBS, 4 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin as previously described. These cells were maintained in a 5% CO2 incubator at 37 °C until 80% confluency and further use for the in vitro and in vivo experiments. 

2.5 Murine models
Mice were bred and maintained in the animal facility of the Molecular Biotechnology Center “Guido Tarone”, and treated in accordance with institutional and EU guidelines (Direzione Generale della sanità animale e dei farmaci veterinari) (project identification: 298/2022-PR, date of approval: 13/05/2022). Mice were kept in standard housing with standard rodent chow and water available ad libitum, and a 12 h light/dark cycle.3 × 105 TS/A cells were subcutaneously injected in the right and left flanks of N=15 10-week-old male BALB/c mice in order to obtain murine models. For the experiments, mice were analyzed 15 days after cell injection. 

2.6 MRI experiments 
7 T MRI scans were acquired on a Bruker Avance 300 spectrometer. T1W images were acquired using a T1W _MSME_TESHORT sequence with the following parameters (TR = 200.000 ms, TE = 3.00 ms, NA = 6, FOV = 29 × 29 mm, slice thickness = 1 mm, matrix size 128 × 128). The mean signal intensity (SI) was determined on T1W images by drawing regions of interest (ROIs) on tumors, liver and kidneys of mice with ImageJ software. Each SI value was normalized with the SI value of the same region in the image acquired before contrast-agent injection. The signal enhancement (SE%) was monitored for 72h after injection, using the following formula:
SE% =  x 100
The probe (LIP_Pep, Lip_SCR, LIP) was thus intravenously administered by catheter after the first acquisition, without removing the mouse from the instrument for time 0. Mice were then checked after 1, 8, 24, 48 and 72 hours after the injection. 

2.7 Inductively Coupled Plasma (ICP)- mass spectrometry (MS) analysis
Mice divided into three groups (N=5 mice per group) and three different probes were injected intravenously: 0.1 mmol/kg Gd of Lip_PEP (group 1), Lip_SCR (group 2) and LIP (group 3). Eight and 72 hours after the injection, following MRI acquisitions, one mouse per group was sacrificed and cancer tissues, liver and kidneys were removed, weighed and processed for ICP-MS analysis[34]. 
The tissues were added to 1 mL of concentrated HNO3 (70%). Upon dissolution of the tissues, samples were further digested through microwave heating (MicroSYNTH, Microwave labstation, Microsynth, Balgach, Switzerland). After digestion, 2 mL of bidistillate water was added to each sample, then samples were filtered with 0.45 µm filter and analysed using ICP-MS for quantification of Gd3+, using a Thermo Scientific ELEMENT 2 ICP-MS-Finnigan, Rodano, Italy. A calibration curve obtained by using four gadolinium absorption standard solutions (Sigma-Aldrich, Burlington, MA, USA) in the range 0.005–0.1 µg/mL was used for the quantification. 
The total mass of Gd3+ retained in each specimen was calculated with respect to the weight of the tumor tissue (as µg of Gd3+/g of tissue).

2.8 Rhodamine-labeled liposomes injection in vivo and analysis
Rhodamine-labeled liposomes were administered intravenously. Eight hours post-injection, the mice were sacrificed, and organs collected, fixed in 4% PFA, followed by immersion in a 30% aqueous sucrose solution prior to inclusion in OCT (Optimal Cutting Temperature compound, VWR PROLABO CHEMICALS, product: 361603E) and storage at -80°C until sectioning. Sections of 5 µm thickness were cut using a cryostat microtome and stained for confocal analysis.

2.9 Confocal microscopy analysis
For the in vitro fluorescent cell-binding experiments, 2 × 104 cells were seeded in Ibidi µ-Slide 8 well. After 24 h, the cells were incubated with the binding solution consisting of a medium solution containing the fluorescent probes (i.e. RLip_Pep, RLip_SCR, RLIP) for 4 h at 37°C and 5% CO2. Cells were then fixed in 10% formalin, followed by incubation in Perforation Buffer  and incubation in  blocking buffer. Finally, the cytoskeleton and nucleus were stained with Phalloidin-FITC (green) and  DAPI (red), respectively, followed by analysis on a SP5 confocal microscope (Leica, Wetzlar, Germany). Z-stack images were acquired and fluorescent images were processed using ImageJ Fiji freeware software (http://rsb.info.nih.gov/ij/).
To evaluate the presence of rhodamine-loaded liposomes (red) in the tumors in vivo and to analyse their distribution within the cells, cryostat sections of tumors and organs were stained with DAPI for nuclei, and Phalloidin-FITC for cytoskeleton. On separate sections, to assess the differential fate of functionalized and non-functionalized liposomes, macrophage cells were marked in green using an antibody against F4/80 (Invitrogen™) followed by an Alexa Fluor 488-labeled secondary antibody (Invitrogen™) and imaging on SP8 confocal microscope. 
Z-stack images were acquired and fluorescent images were processed using ImageJ Fiji freeware software (http://rsb.info.nih.gov/ij/)
Z-stack images were acquired using laser scanning confocal microscopy (Leica SP8, Leica Microsystems, Wetzlar, Germany). Fluorescent images were processed using ImageJ Fiji freeware software.
  
3. Results and discussion
3.1 Gd- loaded Liposomes 
Liposomes with a membrane composition made of DPCC, DSPE-PEG 2000 and DSPE-PEG 2000 Mal in the 95:4:1 molar ratio, respectively, were loaded with 300 mM of GdHPDO3A. An aliquot of the Liposomes’ suspension was let to react at room temperature with a controlled excess of a CAIX-specific peptide, synthesized as previously described [35], to functionalize all maleimide residues present on the liposomal surface. A liposome functionalized with a scrambled peptide (LIP_SCR) was also prepared following the same procedure, as well as an unfunctionalized control liposome (LIP), where the DSPE-PEG 2000 Mal phospholipid was replaced with DSPE-PEG 2000. The concentration of Gd-HPDO3A in the suspensions, determined by NMR magnetic susceptibility measurements [36], enabled the estimation of the concentration of the liposome suspension.
The occurrence of the binding between the peptide and the liposomal membrane was assessed by the Nanodrop spectrophotometric technique, using unfunctionalized liposome (LIP) as a control. The absorbance data of the liposomal suspensions confirmed the successful conjugation between the maleimide groups on the liposome surface and the peptides (Figure S1a). The liposomes stability in serum has been assessed through DLS and relaxometric analysis at 37 °C, showing that all the liposomal preparations retain the same dimensions and relaxation rate upon time (Figure S1b).
In a previous in vitro work[35], the same type of CAIX targeting liposomes were succefully tested on a mouse mammary adenocarcinoma cell line (TS/A). This approach exploited the process of “quenching/de-quenching” of the Gd complex, consisting in silencing the probe relaxation enhancing ability on bulk water resonance as long as it is entrapped in the inner core of the nanovesicle and in recovering the relaxation enhancement capability once the payload is released from the nanocarrier. 
The “quenching/de-quenching” efficacy of the newly prepared liposomal probes were tested by carrying out a relaxometric study at 20 MHz. The millimolar relaxivity (r1p) of liposomes suspensions subjected to different sonication cycles was measured and reported in Figure 1, where the curve shows its gradual increase, from 0.1 mM-1s-1 (intact vesicle) to the relaxivity value of free GdHPDO3A(4.5 mM-1s-1)[37]. The “de-quenching” process led to an increase in relaxivity of more than 40-fold. DLS measurements indicated that, upon the application of the sonication cycles, the phospholipids reorganized themselves in smaller vesicles with the concomitant release of the paramagnetic payload. 
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Figure 1 Relaxometric characterization of liposomes upon the application of ultrasound cycles. Illustrative diagram of liposome rupture with the corresponding millimolar relaxivities (left). Graph reporting r1p values of the three different probes (right), measured after each sonication cycle (from 1 to 7 cycles, each lasting one minute at 70% power). The curve highlights the partial and then complete rupture of the liposomes (plateau) and consequently, the full “dequenching” of the system.

3.2 MRI analysis 
Syngeneic breast cancer mouse models were prepared by subcutaneously injection of a suspension of murine adenocarcinoma cells (TS/A) in BALB/c mice. Two weeks after inoculation, when the tumor masses had grown to a palpable size, mice were subjected to MRI analysis on a 7T Bruker Avance 300 spectrometer. T1-wighted images were acquired on three groups of mice (five mice for each group) before and after the iv injection of 0,1 mmol/kg Gd of Lip_Pep (group 1), Lip_SCR (group 2) and LIP (group 3), respectively. The Signal Enhancement (SE) evolution in the tumor region was followed over time within the three groups of mice (Figure 2A).  At 1 hour after injection, Lip_Pep and Lip_SCR probes elicit an immediate and significant increase in tumor signal intensity compared to LIP. This increase continues only for Lip_Pep, reaching a maximum value at 8 hours post-injection. After the first hour, SE values started to decrease for both Lip_SCR and LIP without a significant difference between them. After the 8-hour peak, the SE of Lip_Pep begins to decline likely as a consequence of the wash out from the tumor, stabilizing at an average values around 18%, a value that appears significantly higher than those of the other two groups of mice. Figure 2B shows representative T1-weighted MRI images of mice before and 8 hours after  injection of probes, when the Lip_Pep SE reaches its maximum value.
The biodistribution of Gd-containing species has been evaluated through MRI on tumor, liver and kidney for the three choorts of mice (Figure S2). 
The histograms in Figure 3A report the nanomoles of Gd per g of tissue in the tumors of the three groups of mice, sacrificed 8 hours after injection and immediately after MRI image acquisition, measured by ICP-MS. The corresponding SE values are reported in Figure 3B. 
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Fig. 2 MRI analysis. A) The graph shows the signal enhancement (see paragraph 2.7) in the tumor ROIs over time. Values are the mean ± SD (at t=0, 1 and 8h, n = 5 for Lip_Pep and Lip_SCR; n=4 for LIP; at t=24, 48, 72h, n = 3 for Lip_Pep and Lip_SCR; n=2 for LIP. *p < 0.05, ** p < 0.01, *** p < 0.001). B) Representative T1-weighted axial MRI images of mice before (pre) and 8 hours after (post) injection of Lip_Pep, Lip_Scr, and LIP. The hand-drawn polygonal area indicates the regions of interest (ROIs) where the MRI signal was measured. Images are shown both in gray scale (on the left) and using a false-colour look-up table (on the right) on Bruker Paravision software.

The comparison between the Gd content and the related SE observed in the MR images appears quite interesting. In fact, using the values of Lip_SCR and LIP as controls, the percentage difference in SE measured for the mice treated with Lip_Pep is much greater than the percentage difference observed when the Gd content values are considered. Specifically, the average SE of the mice treated with Lip_Pep is more than 10 times higher than that measured for Lip_SCR and LIP, while the average nmol/g value of Gd in the tumors, assessed immediately after the MRI analysis, is only slightly more than doubled for Lip_Pep compared to Lip_SCR and LIP. In other words, the difference in the enhancement of the MRI signal appears to be not only related to the overall amount of Gd content but likely to the occurrence of different relaxivities for the Gd-containing species in the two cases. As highlighted in our work on TS/A cells in vitro[35], the Lip_Pep targeting probe undergoes a different cellular fate compared to the aspecific probes. In particular, the significant increase in enhancement for mice treated with Lip_Pep suggests a release of the liposome content within the cytoplasm, resulting in the “de-quenching” of the contrast agent, as described in paragraph 3.1. To get more insight into the observed behaviour, further confocal investigations were carried out on both TS/A cells and murine breast cancer models.
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Fig. 3 Analysis of probes accumulation in tumors. (A) Quantification of Gd retained in the tumor by inductively coupled plasma mass spectrometry (ICP-MS) at 8h and 72h after injection of Lip_Pep, Lip_SCR and LIP. (B) T1-weighted MR signal enhancement in the tumor region for the three probes at 8h after injection. Values are the mean ± SD (at t=8, n = 5 for Lip_Pep and Lip_SCR; n=4 for LIP; * p < 0.05, ** p < 0.01, *** p < 0.001).

3.3 Confocal microscopy analysis
For this study, new sets of liposomes, analogous to those loaded with Gd-HPDO3A, were prepared by maintaining the same phospholipid formulation and replacing the Gd probe with a 10 M solution of Rodamine B, named RLip_Pep, RLip_SCR and RLIP, respectively.  Confocal microscopy images of TS/A cells treated with each set of fluorescence probes in vitro revealed that the rhodamine signal from the liposomes was located in the intracellular space for all the probes, confirming the occurrence of a cell internalization process (Figure 4). However, the fluorescent signals observed for the TS/A cells incubated with RLip_Pep appeared in two distinct forms, namely as discrete intense spots and as a diffuse distribution of fluorescence within the cytoplasm. Conversely, cells incubated with RLip_SCR and RLip showed the rhodamine signal only as concentrated intracellular spots. 

[image: ]
Figure 4 In vitro confocal microscopy images of probe internalization. TS/A cells were imaged using Leica Sp8 confocal microscope 24 hrs after incubation with Lip_Pep, Lip_Scr and LIP as well as culture medium as control. The nuclei and cytoskeleton were stained with DAPI (blue) and Phalloidin-FITC (green), respectively. The Rhodamine encapsulated in the liposomes is shown in red.

This finding suggests that the latter two probes are internalized via non-specific phagocytosis, as expected for nanoparticles incubated at 37°C[38]. However, alongside this internalization pathway, RLip_Pep appears to utilize also an alternative route that enables the rhodamine solution to diffuse throughout the cytoplasm, likely due to the binding with CAIX which activates a Receptor Mediated Endocytosis (RME)[39]. Conversely, all the contrast agent contained in RLip_SCR and RLIP appeared to be confined in endosome-like vesicles. On this basis have drawn the conclusion that the observed  cytoplasmatic release of the fluorescent payload suggests an analogous  distribution of GdHPDO3A that leads to its “dequenching”, responsible for the observed increase of  the signal enhancement in MR images. These observations suggest that the TS/A cells can internalize the liposomes containing probes either by phagocytosis and by RME with the interesting corollary that, in the case of the liposomes bearing the targeting peptide, the release from the endosomal vesicles is much more efficient than the one occurring for systems entrapped in endosomes generated by phagocytosis. 
To better investigate this aspect in its in vivo translation, confocal microscopy analysis was extended to the explanted tumor tissue obtained from breast cancer Balb/c murine models, threated with RLip_Pep or RLIP. Tumors have been explanted 8 h after injection, i.e. at the time where the peak in MRI signal was observed (Figure 2A). In a first set of experiments, after explantation and fixation, tumor slices nuclei have been stained with DAPI and cytoskeleton with Pholloidin. 
 The confocal images showed a similar staining trend in the allografts as observed with the TS/A cells in vitro (Figure 5)
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Figure 5 Confocal analysis on tumor tissue resected from breast cancer Balb/c murine models. Representative confocal microscopy images of tumor slices, prepared and mounted 8 hours after intravenously administration of RLip_Pep and RLIP. Rhodamine corresponds to the red signal. A) Cytoskeleton and nuclei were stained with phalloidin-FITC (green) and DAPI (blue), respectively; B) Macrophage cells and nuclei were marked with antibody F4/80 (green) and DAPI (blue), respectively (n = 2, biological replicates).

In fact, the distribution of the rhodamine B signal showed clear differences between the three groups of mice, namely in the form of spots for RLIP cases and both spots and diffuse fluorescence for RLip_Pep (Figure 5A). This supports the view that the percentage difference in Gd amount among the mice cohorts (as measured by ICP) is much lower than that observed in MRI signal enhancement. The increase in MRI signal is only partially due to the accumulation of Gd in the endosomes, being the major responsible for the observed MRI SE the GdHPDO3A “dequenching” effect that takes place in the cytoplasm. 
Next, slices of the same tissues were stained with Dapi and anti-F4/80 antibodies to label cell nuclei and tissue macrophages, respectively. Figure 5B clearly shows how the Rhodamine signal is concentrated, in the case of RLIP, almost exclusively in the macrophage cells, confirming non-specific liposome transport within the cells. In contrast, in the case of incubation with RLip_Pep, the contrast agent, in addition to being captured by macrophages, accumulated within the tumor cells, likely due to the specific recognition of CAIX that promotes RME internalization[40].
Several studies have demonstrated a significantly more efficient release of cargo from endosomal vesicles in cases where liposomes are internalized through Receptor Mediated Endocytosis (RME), especially when the nanoparticles bear a targeting peptide [41][42]. In fact, RME has been shown to be a highly selective process that facilitates the uptake of specific ligands via receptor recognition and internalization. This pathway not only ensures the efficient delivery of therapeutic agents to targeted cells but also influences the subsequent intracellular trafficking and release of these agents[43]. This finding has emerged from several studies in the context of different targeting strategies, including anti-HER2 immunoliposomes and transferrin-conjugated liposomes [44][45].
In the case of anti-HER2 immunoliposomes, it has been demonstrated that the binding of immunoliposomes to HER2 receptors on cancer cells triggers endocytosis, leading to their internalization and subsequent trafficking to early endosomes. Histological studies have demonstrated that the targeting strategy did not increase the levels of liposomes in tumor cells but instead promoted more efficient intracellular drug delivery via the RME pathway, which is associated with enhanced antitumor activity[46][47].
Similarly, transferrin receptors have been widely exploited for targeted drug delivery using transferrin-conjugated liposomes. Transferrin, a glycoprotein responsible for iron transport, binds to its receptor and undergoes endocytosis, facilitating the delivery of liposomal cargo into the cell[48]. The high expression of transferrin receptors on rapidly dividing cells, such as cancer cells, makes this approach particularly effective [49]. 
Regarding CAIX, a study by Zatovicova et al. utilized antibodies against this enzyme found that this molecule is capable of inducing CAIX-mediated internalization[40]. Our findings are well consistent with literature and further highlight that targeting peptides, which facilitate receptor recognition and endocytosis, are crucial for improving intracellular delivery outcomes. The evidence of the specificity and cellular localization shown by Lip_Pep suggests a possible therapeutic use of the probe as a carrier for the delivery of chemotherapeutic agents, through CAIX,  that exercise their action in the cytosolic space of tumor cells, also considering that early endosomal escape allows a drug to avoid degradation and inactivation within the lysosomal compartment.
As it has been shown for the Her2 receptor[44], the composition of the Lip_Pep membrane and its degree of pegylation could also influence the delivery mechanism of the liposome content. By leveraging RME, it would be possible to increase the efficacy of our strategy optimizing both targeting peptide and liposomal formulation. 
Furtheremore, the MRI “quenching/dequenching” strategy applied in this work not only offers diagnostic advantages but could also serve as a powerful tool for in vivo evaluating the mechanism of liposomal drug delivery.

4. Conclusions
In conclusion, using an allograft breast cancer murine model, this is the first in vivo MRI study which shows that CAIX PG-targeting liposomes can be employed as effective diagnostic tool for tumors overexpressing this enzyme. The Lip_Pep probe selectively recognizes the CAIX isoform, due to the absence of the PG domain in all other carbonic anhydrase isoforms. This selectivity endows Lip_Pep with a high diagnostic value as the CAIX overexpression is strongly associated with poor prognosis.
Moreover, our study brought to light the ability of the PG domain of CAIX to promote internalization 
of the targeting liposomes through a receptor-mediated endocytosis mechanism (RME) and a cargo release through endosomal escape. As a result of this mechanism, the liposomal content is released into the cytosol from endosome-like vesicles much efficiently compared to the phagocytic pathway. This finding suggests that Lip_Pep based probes could be considered for the design of effective theranostic agents, given its target specificity and its favorable intracellular behavior. Future research is warranted to refine and optimize these targeting strategies in order to maximize the diagnostic/therapeutic potential of liposome-based systems.
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Supplementary Material

Liposome characterization. Probes were assessed for diameter, polydispersity, and zeta potential using Dynamic Light Scattering. The average diameter of liposomes is 180 nm. 
[image: ]



Figure S1. Table reporting liposomes parameters. Gd concentration was measured using an Evans assay on a 600 MHz Bruker spectrometer.


Biodistribution of Lip_Pep. SE after iv injection over time has been measured in liver, kidney and tumor.
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Figure S2 Lip_Pep Biodistribution . Graph shows the SE% measured in kidney, liver and tumor over time. Values are the mean ± SD (at t=0, 1 and 8h, n = 5; at t=24, 48, 72h, n = 3).
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image17.emf
Z-ave nm PdI pot Z  mV [Gd] M

LIP_Pep 183,2 0,065 1 0,019

LIP_SCR 183,4 0,058 0,86 0,012

LIP 179,6 0,064 -2,5 0,014
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