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Commercial gadolinium (Gd)-based contrast agents (GBCAs) play important role in clinical diagnostic of hepatocellular carcinoma, but their diagnostic efficacy remained improved. As small molecules, the imaging contrast and window of GBCAs is limited by low liver targeting and retention. Herein, we developed a liver-targeting gadolinium (Ⅲ) chelated macromolecular MRI contrast agent based on galactose functionalized o-carboxymethyl chitosan, namely, CS-Ga-(Gd-DTPA)n, to improve hepatocyte uptake and liver retention. Compared to Gd-DTPA and non-specific macromolecular agent CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n showed higher hepatocyte uptake, excellent cell and blood biocompatibility in vitro. Furthermore, CS-Ga-(Gd-DTPA)n also exhibited higher relaxivity in vitro, prolonged retention and better T1-weighted signal enhancement in liver. At 10 days post-injection of CS-Ga-(Gd-DTPA)n at a dose of 0.03 mM Gd/Kg, Gd had a little accumulation in liver with no liver function damage. The good performance of CS-Ga-(Gd-DTPA)n gives great confidence in developing liver-specifc MRI contrast agents for clinical translation.
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1 INTRODUCTION
Liver cancers, including hepatocellular carcinoma, hepatic lymphoma, hepato-cellular adenoma, have become highly lethal cancers worldwide (Forner et al., 2018; Villanueva, 2019; Sung et al., 2021; Ganesan and Kulik, 2023). Most patients have already been in the advanced stage of hepatocarcinogenesis once confirmed (Maluccio and Covey, 2012; Anwanwan et al., 2020). Thus, accurately detecting liver cancer lesions in the early stage of hepatocarcinogenesis is urgently needed for clinical diagnostic. Liver magnetic resonance imaging (MRI) is a non-invasive approach, which can provide valuable pathophysiological state information and clinically recommended for liver disease diagnosis (Choi et al., 2014; Choi et al., 2014; Vilgrain et al., 2016). Choosing appropriate liver contrast agents is of great importance to obtain high-resolution liver tissue images (Welle et al., 2020).
Currently, there are eight commercial gadolinium (Gd)-based contrast agents (GBCAs) are available for liver MRI diagnosis: Gadopentetate dimeglumine (Gd-DTPA), Gadodiamide (Gd-DTPA-BMA), Gadoteridol (Gd-HP-DO3A), Gadoversetamide (Gd-DTPA-BMEA), Gadoterate meglumine (Gd-DOTA), Gadobutrol (Gd-BT-DO3A), Gadobenate dimeglumine (Gd-BOPTA), Gadoxetic acid (Gd-EOB-DTPA) (Hope et al., 2015; Kim et al., 2015; Okada et al., 2016; Glockner et al., 2018; Li and Meade, 2019; Kang et al., 2020; Kim, 2020; Fatima et al., 2021). Gd-EOB-DTPA and Gd-BOPTA are hepatobiliary-specific agents which can be taken up by hepatocytes and excreted from bile, while others are extracellular fluid agents which cannot be actively uptake by cells, only distribute in extracellular fuid and excrete from kidneys (Faletti et al., 2015). Generally, extracellular fluid agents can be used in most liver lesions detection. In contrast, hepatobiliary-specific MRI agents have hepatobiliary phase and are preferred in assess for focal nodular hyperplasia diagnosis, which refers live metastatic lesions, a uncertain lesion identified by ECA exam, hepatic function or abnormalities within the bile ducts. However, there still exists limitations for hepatobiliary-specific agents (Goodwin et al., 2011; Lee et al., 2012; McInnes et al., 2015; Besa et al., 2017). First, Gd-EOB-DTPA and Gd-BOPTA are small molecule agents with short half life which reduce its bioavailability and fail to use in some diagnosis which need long imaging window. Second, gadolinium residues cause safety risks by repeating dose or high dose (Li and Meade, 2019; Oluwasola et al., 2022). In addtion, GBCAs is associated with nephrogenic systemic fibrosis (NSF) (McDonald and McDonald, 2020). Medicines and Healthcare products Regulatory Agency (MHRA) has limited the use of Gd-DTPA, Gd-DTPA-BMA, and Gd-DTPA-BMEA in patients with renal dysfunction since 2007, because they could raise the risk of nephrogenic systemic fibrosis (NSF). NSF is a rare disease and occurs only in patients with renal dysfunction, which can lead to serious physical disability such as skin and connective tissue fibrosis, joint movement disorder and other organs dysfunction, even can over serious patients’ life.
To address these issues, it is urgent to develop liver specific GBCAs with higher relaxivity, better chemical stability and biocompatibility (Lancelot et al., 2020; Zhang et al., 2022). Thus, constructing liver targeted macromolecular MRI contrast agent by grafting small MRI contrast agent and liver targeting molecule on biocompatible and biodegradable polymer carriers is highly attentioned. Compared to small agents, the macromolecular MRI contrast agents have higher relaxivity, better chemical stability, prolonged circulation time and are flexible to achieve liver targeting by integrating liver targeting molecule on its structure. Chitosan is a biocompatible polysaccharide that has been widely used in drug delivery (Dash et al., 2011; Kyzas and Bikiaris, 2015; Muxika et al., 2017; Abd EI-Hack et al., 2020; Lang et al., 2020; Zheng et al., 2020; Lima et al., 2021; Frigaard et al., 2022). Carboxymethyl chitosan is a water soluble derivative of chitosan with a variety of carboxyl groups, which brings negative charge for long time circulation and functional ligand for modification of target groups and MRI contrast agents (Hata and Ishii, 1998; Geraldes and Peters, 2022). Herein, we develop a liver-targeting MRI contrast agent CS-Ga-(Gd-DTPA)n. We functionalized carboxymethyl chitosan with galactose (Ga), which can be specifically recognized by asialoglycoprotein receptor (ASGP-R) on the surface of mammalian hepatocytes and internalized via a receptor-mediated endocytosis process (Hata and Ishii, 1998; Mukthavaram et al., 2009). DTPA was also grafted onto the carboxymethyl chitosan to improve the chelation stability of Gd. In the meantime, non liver-specific agent CS-(Gd-DTPA)n is synthesized as a control agent. Compared to small Gd-DTPA, liver-specific macromolecular CS-Ga-(Gd-DTPA)n has higher relaxivity, longer retention time and high accumulation in liver, which can provide better MR contrast enhancement, longer effective imaging window with lower dose, and reduce its safety risk (Scheme 1).
[image: Scheme 1]SCHEME 1 | Synthesis of CS-Ga-(Gd-DTPA)n and its application in liver MRI diagnosis, the blue circle denotes the carboxymethyl group on the chemical structure of chitosan.
2 MATERIALS AND METHODS
2.1 Materials
Carboxymethyl chitosan (CS, DS ≥ 80%, average molecular weight 100 kD), D-galactose and DTPA were purchased from Sigma. Dimeglnmine gadopentetate (Gd-DTPA) was purchased from Bayer Schering Pharma (Cambridge, UK). Cell Counting Kit-8 (CCK-8) was purchased from DojinDo laboratory. BCA Protein Quantification Kit was purchased from Beyotime Institute of Biotechnology (Shanghai, China). HUVEC, HepG2, HepaRG, L929 cell lines were purchased from ATCC. Sprague-Dawley rats were purchased from specific pathogen free (SPF) laboratory animal center in East China Normal University. Hematoxylin-eosin was purchased from Bioeasy Biological Co. Ltd (Shanghai, China). Anticoagulant citrate dextrose (ACD) human blood was provided by healthy donors.
2.2 Cell culture
Human umbilical vein endothelial cells (HUVEC) were cultured in F-12 K medium supplemented with 1% penicillin, 1% streptomycin and 10% fetal bovine serum. HepG2 were cultured in dulbecco’s modified eagle medium (DMEM) containing 1% penicillin, 1% streptomycin and 12% fetal bovine serum. L929 cells were cultured in DMEM medium containing 1% penicillin, 1% streptomycin and 10% fetal bovine serum. HepaRG cells were cultured in William’s E medium containing 1% penicillin, 1% streptomycin, 1% Glutamax, 1% insulin-transferrin-selenium, 10 μM dexamethasone and 10% FBS. The cells were cultured at 37°C, 5% CO2 in a humidified incubator and passaged when cells were 80% confluence.
2.3 Synthesis and characterization of CS-DTPA and CS-Ga-DTPA
0.5 g CS was dissolved in 40 mL deionized water, then 17 g DTPA was added. Stirred the solution and dropped 5 M NaOH until the DTPA was completely dissolved. The pH of above solution was adjusted to 5. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide and 1-Hydroxybenzotri-zole (EDC·HCl) was added in the solution as condensation agents, and kept stirring in 110°C oil bath for 24 h. Finally, the reaction solution was dialyzed in deionized water and frozen drying to yield solid samples CS-DTPA. For CS-Ga-DTPA preparation, above reaction solution was adjusted to pH = 7-8 with 0.2 M disodium hydrogen phosphate solution, then appropriate amount of galactose was added. Then the reaction solution was kept stirring for 24 h under 110°C oil bath. The reaction solution was dialysis against deionized water and then frozen drying to yield solid samples CS-Ga-DTPA. 1H NMR and 13C NMR spectrum were used to calculate the grafting ratio of DTPA and galactose on CS (Bruker Avance-500 spectrometer). The average hydrodynamic diameter of CS-DTPA and CS-Ga-DTPA were detected by dynamic light scattering (DLS) on Zetasizer Nano S.
2.4 Synthesis and characterization of CS-(Gd-DTPA)n and CS-Ga-(Gd-DTPA)n
0.1 M Gd3+ was added slowly to CS-DTPA and CS-Ga-DTPA aqueous solution respectively, following by stirring for 1 h at room temperature. Both reaction solution was dialysis against deionized water for 2 days, and then frozen drying to yield solid samples CS-(Gd-DTPA)n and CS-Ga-(Gd-DTPA)n. The Gd content is detected on inductively coupled plasma spectrometry (ICP).
2.5 In vitro relaxivity
Prepared 10 mL H2O and 10 mL CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n and Gd-DTPA aqueous solution with different concentrations (0.05 mM Gd/L, 0.1 mM Gd/L, 0.2 mM Gd/L) respectively. The Siemens Trio 3 T Scanner was used to collect T1-weighted images of these solutions, with an inversion recovery prepared T1-weighting spin-echo pulse sequence.
2.6 Cell uptake
To evaluate the hepatocytes target of CS-Ga-DTPA, CS-Ga-DTPA was labeled with TRITC and incubated with different cells: human hepatic cancer cell line HepG2, human hepatic cell line HepaRG, and mouse fibroblast cell line L929. 0.5 μM CS-Ga-DTPA-TRITC was added in the medium of HepG2, HepaRG and L929 cells and co-cultured for 1 h, respectively. The cells were washed, harvested and analyzed on flow cytometer.
2.7 In vitro biocompatibility
To evaluate the cytotoxicity of CS-DTPA, CS-Ga-DTPA, CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n, CCK-8 assay on HepaRG and HUVEC cells were conducted. Cells were seeded in 96-well plates at a density of 8×103 cells per well. After 24 h, cells were co-cultured with CS-DTPA (0.05 mg/mL), CS-Ga-DTPA (0.05 mg/mL), CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n and Gd-DTPA at serial final concentrations (0.001 mM Gd/L-0.25 mM Gd/L) for preset time. To evaluate the hemolysis of CS-Ga-(Gd-DTPA)n, anticoagulant citrate dextrose (ACD) human blood was used to test the hemolysis ratio. 4 mL blood was diluted in 5 mL PBS. 5 μL samples (CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n and Gd-DTPA) with different concentrations were added in 45 μL diluted blood in treated groups. Then 5 μL PBS was added in 45 μL diluted blood in negative control groups (n = 3), while 5 μL ultrapure water was added in positive control groups (n = 3). The solutions in all groups were incubated at 37 °C for 1 h, then centrifuged at 3,000 rpm for 5 min. The optical density of the supernatant was measured at 450 nm on a microplate reader. Hemolysis ratio was calculated via the formula: HR= (A-AN)/(AP-AN) ×100%, Where HR is the hemolysis ratio (%), A is absorbency of the samples (%), AP is absorbency of the positive controls (%), and AN is absorbency of the negative controls (%).
2.8 In vivo MRI
In vivo T1–weighted MRI images were acquired on a Siemens Trio 3T Scanner with Siemens 3T Animal Coil before and at different time points after injection of CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n and Gd-DTPA. A group of 5 male Sprague-Dawley (SD) rats (180–200 g) were used to study the signal enhancement of CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n and Gd-DTPA in vivo. All animal operations were conducted in accordance with the Chinese guidelines on laboratory animals’ use and care. Rats were anesthetized by intraperitoneal injection of 1% pentobarbital sodium (1 g in 100 mL physiological saline)at a dose of 0.01 g/g body weight. CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n and Gd-DTPA were administrated via tail vein at a dose of 0.03 mM Gd/Kg, respectively. MR images were acquired before and at 0 min, 5 min, 15 min, 1 h, 3 h, 6 h and 12 h post injection. The measurement parameters were as follows: slice thickness (SL) = 2 mm, repetition time (TR) = 1,120 ms, echo time (TE) = 24 ms, filed of view (FOV) = 60 × 60 cm2, matrix size = 512 × 512. In vivo contrast enhancement in the liver was analyzed by Image J software.
2.9 In vivo biosafety
To evaluate the biosafety of CS-Ga-(Gd-DTPA)n, tissue biodistribution of Gd, organs (heart, liver, lung, spleen and kidneys) histopathological analysis, biochemical analysis of blood and serum level of inflammation factor were conducted. SD rats (5 rats per group, 180–200 g) were administrated CS-(Gd-DTPA)n and CS-Ga-(Gd-DTPA)n via tail vein at equal dose of 0.03 mM Gd/Kg. The rats were euthanized and dissected at 10 days post injection. The blood was collected and coagulated for 1 h at room temperature. The supernatant was centrifuged at 3,000 rpm for 10 min to obtain serum for quantification of interleukin 1β (IL-1β), tumor necrosis factor (TNF-α), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN) and creatinine (CREA). The blood was washed away by transcardial perfusion with physiological saline, and then organs (heart, lung, spleen, kidneys and liver) were removed and weighed. The organs were cut into1-2 mm2 pieces and digested in mixed acids (nitric acid: perchloric acid = 4:1) for 48 h. The content of gadolinium in organs was determined by ICP-AES. A little pieces of tissues were cut from liver, fixed by formaldehyde, and then dehydrated and embedded in paraffin. About 5 μm transverse sections were cut and stained with hematoxylin-eosin (HE) for histopathological analysis.
2.10 Statistical analysis
Statistical data are acquired from at least three times experiments and showed as mean ± standard deviation (SD). All quantitative data were analyzed by two-tailed Student’s t test. p > 0.05 (NS) denotes there is no statistically significant. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), were defined as statistically significant.
3 RESULTS AND DISCUSSION
3.1 Characterization of CS-Ga-DTPA and CS-DTPA
Chitosan is a biocompatible polysaccharide that has been widely used in biomedical sciences. Carboxymethyl chitosan is a derivative of chitosan with a variety of carboxyl groups, which brings negative charge for long time circulation and functional ligand for modification of contrast agents. We intended to develop a liver targeted MRI contrast agents by labeling carboxymethyl chitosan with Gd-DTPA and galactose (Ga). As shown in Figures 1A, B, both 1H and 13C NMR illustrated the successful preparation of CS-DTPA and CS-Ga-DTPA with grafting ratio of 10.2% and 25.1% for DTPA and Ga respectively. CS-DTPA and CS-Ga-DTPA were very soluble in water and did not self-assemble into nanoparticles. Thus, the hydrodiameter of CS-DTPA was just around 15.7 nm, which further increased to around 21 nm after conjugating with Ga (Figure 1C). Details for the synthesis of CS-DTPA and CS-Ga-DTPA were provided in the experimental section.
[image: Figure 1]FIGURE 1 | Characterizations of CS-DTPA and CS-Ga-DTPA. (A) 1H NMR spectrum of CS, CS-DTPA and CS-Ga-DTPA in D2O. (B) 13C NMR spectrum of CS, CS-DTPA and CS-Ga-DTPA in D2O. (C) Hydrodynamic diameter of CS-DTPA and CS-DTPA.
3.2 Hepatocytes target
To evaluate the hepatocytes target of CS-Ga-DTPA, TRITC cnjugated CS-Ga-DTPA was co-cultured with three types cell lines: human hepatic cancer cell HepG2, human hepatic cell HepaRG, and mouse fibroblast cell L929 for 1 h, respectively. The flow cytometer analysis showed both HepG2 and HepaRG have high mean fluorescence intensity in comparison with L929 (Figure 2), demonstrating that CS-Ga-DTPA is hepatocytes target.
[image: Figure 2]FIGURE 2 | Cellular uptake behavior of CS-Ga-DTPA. (A) The cellular uptake of TRITC labeled CS-Ga-DTPA after co-cultured with HepG2, HepaRG and L929 cells for 1 h respectively. (B) Mean fluorescence intensity of HepG2, HepaRG and L929 cells.
3.3 In vitro biocompatibility
To evaluate the in vitro cytotoxicity of CS-DTPA, CS-Ga-DTPA, CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n, human hepatocytes (HepaRG) and vascular endothelial cells (HUVEC) cell lines were used. As CS-Ga-(Gd-DTPA)n is designed to target liver to prolong liver retention for better liver MRI imaging, the treatment time of CS-DTPA, CS-Ga-DTPA, CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n on hepatocytes was 72 h, longer than vascular endothelial cells (24 h). Both CS-DTPA (0.05 mg/mL) and CS-Ga-DTPA (0.05 mg/mL) have no toxicity on HepaRG cells after co-cultured for 72 h, of which dosage is equal to the content of carrier materials at the maximum dose of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n (0.25 mM Gd/L) (Figure 3A). After co-cultured with serial concentrations of CS-Ga-(Gd-DTPA)n for 72 h, HepaRG cells showed higher cell viability than cells co-cultured with equal Gd concentration of CS-(Gd-DTPA)n and Gd-DTPA, especially at high concentrations (0.063 mM Gd/L-0.25 mM Gd/L) (Figure 3B). After co-cultured with serial concentrations of CS-Ga-(Gd-DTPA)n for 24 h, the relative cell viability of HUVEC cells were all over 80%, even at the concentration as high as 0.25 mM Gd/L, far greater than the dose used in in vivo MRI experiments (0.03 mM Gd/kg) (Figure 3C). These data demonstrated that CS-Ga-(Gd-DTPA)n has no cytotoxicity at its effective dose in vitro.
[image: Figure 3]FIGURE 3 | In vitro biocompatibility of CS-Ga-(Gd-DTPA)n. (A) The relative cell viability of HepaRG cells after co-cultured with CS-DTPA (0.05 mg/mL) and CS-Ga-DTPA (0.05 mg/mL) for 72 h measured by CCK-8 assay. (B) The relative cell viability of HepaRG cells after co-cultured with CS-Ga-(Gd-DTPA)n, CS-(Gd-DTPA)n and Gd-DTPA for 72 h measured by CCK-8 assay. (C) The relative cell viability of HUVEC cells after co-cultured with CS-Ga-(Gd-DTPA)n, CS-(Gd-DTPA)n and Gd-DTPA for 24 h measured by CCK-8 assay. (D) Hemolysis ratio of human blood treated by CS-Ga-(Gd-DTPA)n, CS-(Gd-DTPA)n and Gd-DTPA at different concentrations of Gd.
The blood compatibility of CS-Ga-(Gd-DTPA)n was evaluated by hemolysis rate. No hemolysis cases was observed in blood samples treated by CS-Ga-(Gd-DTPA)n, CS-(Gd-DTPA)n and Gd-DTPA. The hemolysis rate of three agents at all treated doses were all around zero (Figure 3D) and far less than 5% which was the national safety standards for drugs. These data primarily demonstrated that CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n showed as good blood compatibility as commercial agent Gd-DTPA.
3.4 In vitro relaxivity
The in vitro relaxivity of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n were measured on a Siemens Trio 3T Scanner. Based on the T1-weighted images (Figure 4A), the relaxivity of CS-Ga-(Gd-DTPA)n was calculated as 9.8 mM-1S−1, which is 2.2 times higher than Gd-DTPA (4.3 mM-1S−1) measured in our previous study (Wang et al., 2019) and 1.38 times higher than CS-(Gd-DTPA)n (7.1 mM-1S−1) (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) T1-weighted MR images of H2O, CS-(Gd-DTPA)n and CS-Ga-(Gd-DTPA)n. (B) The longitudinal relaxivity (R1) of CS-(Gd-DTPA)n and CS-Ga-(Gd-DTPA)n.
3.5 In vivo MRI
Sprague-Dawley rats weighting 180–200 g were used to study the MRI signal enhancement of CS-Ga-(Gd-DTPA)n in vivo. Figure 5A showed the 2D transverse T1 weighted MR images of rats’ liver before and at serial time points after the injection of CS-Ga-(Gd-DTPA)n, and CS-(Gd-DTPA)n and Gd-DTPA at dose of 0.03 mM Gd/kg. The liver signal intensity of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n treated rats quickly increased and peaked at 1 h post-injection, while that of Gd-DTPA peaked at 15 min post-injection. The relative signal enhancement ratio of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n peaked at 1 h post-injection (65% and 48%), then decreased remarkably to 30% in 2 h, finally reduced slowly to 25% at 12 h post-injection (Figure 5B). The result indicated that both agents could enhance the MR signal largely and provide a long imaging window. Meanwhile, the relative signal enhancement ratio of Gd-DTPA in liver peaked at 20% at 15 min post-injection, then reduced rapidly to 0% at 3 h post-injection, which was consistent with the previous reports that Gd-DTPA could be excreted quickly in urine from the body as a small molecular MRI contrast agent. In comparison with CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n showed higher relative signal enhancement ratio in liver, suggesting that CS-Ga-(Gd-DTPA)n was liver-specific.
[image: Figure 5]FIGURE 5 | T1-weighted MR images of the rats’ liver at precontrast and 0 min, 5 min, 15 min, 1 h, 3 h, 6 h and 12 h after intravenous injection of Gd-DTPA (A), CS-Ga-(Gd-DTPA)n (B) and CS-(Gd-DTPA)n (C) at dose of 0.03 mM Gd/kg. (D) The relative signal enhancement ratio of CS-Ga-(Gd-DTPA)n, CS-(Gd-DTPA)n and Gd-DTPA in rats’ liver calculated by T1-weighted MR images.
3.6 In vivo biosafety
Sprague-Dawley rats weighting 180–200 g were used to evaluate the biodistribution of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n in vivo. The retention of Gd in heart, lung, liver, spleen, kidneys was measured by ICP at 10 days after injection with CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n at a dose of 0.03 mM Gd/kg. The Gd contents in organs of control rats were used as negative control to reduce the interference of instrument error. As shown in Figure 6A, the accumulation of Gd (Ⅲ) in all organs was very low, ranging from 0 to 7.8 ug/g. For both agents, there was nearly no Gd (Ⅲ) retention in heart and lung, a little retention in kidneys, and relatively higher Gd (Ⅲ) retention in spleen and liver. The accumulation of Gd (Ⅲ) in liver of CS-Ga-(Gd-DTPA)n treated rats was relatively higher than that of CS-(Gd-DTPA)n treated rats, which was in accordance with its superior MRI signal enhancement in liver, confirming that CS-Ga-(Gd-DTPA)n was liver specific.
[image: Figure 6]FIGURE 6 | (A) Biodistribution of gadolinium (Ⅲ) in rats at 10 days after intravenous injection of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n at equal dose of 0.03 mM Gd/Kg. (B,C) The quantification of IL-1β and TNF-α in the serum of rats at 10 days after intravenous injection of CS-Ga-(Gd-DTPA)n and CS-(Gd DTPA)n at equal dose of 0.03 mM Gd/Kg. NS denotes p > 0.05, **p < 0.01 (two tail Student’s t-test for comparison with control). (D) HE-staining slices of orgrans (heart, liver, spleen, lung and kidneys) in rats at 10 days after intravenous administration of CS-Ga-(Gd-DTPA)n, CS-(Gd-DTPA)n at equal dose of 0.03 mM Gd/Kg, scale bar: 100 μm.
The behavior of all treated rats were normal in 10 days post-injection, implying that CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n showed no acute toxicity on rats. Moreover, there is no increase in the level of IL-1β and TNF-α in serum of rats post-injection of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n (Figures 6B, C), indicating systemic injection of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n dosen’t cause inflammation in the whole body. The adverse effects of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n on organs were further examined by histopathological analysis. The HE-staining of heart, spleen, lung and kidneys tissues showed no damage and abnormal lesions (Figure 6D). Liver is the predominant place in which drugs accumulated and were transformed in vivo. As shown in Figure 6D, a certain proportion of vacuolation of hepatocytes was observed in the liver tissue of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n treated rats, indicating their little effect on liver. However, compared to the control rats, no significant changes is observed in the serum level of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN) and creatinine (CREA) (Figure 7), indicating that systemic treatment of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n does not damage liver and kidney functions. All these data demonstrated CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n have good biocompatibility in vivo at the dosage used in our study.
[image: Figure 7]FIGURE 7 | The serum level of AST (A), ALT (B), ALP (C), BUN (D) and CREA (E) in rats at 10 days after intravenous administration of CS-Ga-(Gd-DTPA)n and CS-(Gd-DTPA)n at equal dose of 0.03 mM Gd/Kg. Data presented as mean ± SD (n = 3). NS denotes p > 0.05, (two tail Student’s t-test for comparison with control).
4 CONCLUSION
Compared to Gd-DTPA and CS-(Gd-DTPA)n, CS-Ga-(Gd-DTPA)n showed higher relaxivity in vivo, remarkable liver targeted performance, and better MRI signal enhancement in liver at a low dose of 0.03 mM Gd/kg. Furthermore, CS-Ga-(Gd-DTPA)n showed good cell and blood compatibility. As macromolecular contrast agent, CS-Ga-(Gd-DTPA)n offered a wider window for clinic examinations and may excrete clearly at 10 days after injection. Furthermore, CS-Ga-(Gd-DTPA)n has no acute toxicity on rats and good biocompatibility in vivo. These data together demonstrated that with excellent MRI enhancement property and good biocompatibility, CS-Ga-(Gd-DTPA)n will be a potential candidate for MRI contrast agents.
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