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Abstract
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]Amifostine, an organic thiophosphate prodrug, has been clinically utilized for selective protection of normal tissues with high expression of alkaline phosphatase from oxidative damage elicited by chemotherapy or radiotherapy. However, the patients receiving amifostine suffer from severe dose-dependent adverse effects from rapid oxidation of the molecules. Strategies for improvement of the protective efficacy and toxicity profile of amifostine are urgently required. Here we constructed a PEGylated amifostine (PEG-amifostine) through conjugation of amifostine to the 4-arm PEG (5,000 Da) by a mild and simple one-step reaction. The relatively large PEG-amifostine molecules clustered into spherical nanoparticles, resulting in distinct hydrolysis properties, cell uptake profile and antioxidative activity compared with the free small molecules. PEGylation prolonged the hydrolysis time of amifostine, providing sustained transformation to its functional metabolites. PEG-amifostine could be internalized into cells and translocated to acidic organelles in a time-dependent manner. The intrinsic cytotoxicity of amifostine, which is related to the reductive reactivity of its metabolites and their ability to diffuse readily, was attenuated after PEGylation. This modification impeded the interaction between free sulfhydryls and functional biomolecules, providing PEG-amifostine with an improved safety profile in vitro. Moreover, PEG-amifostine showed higher efficiency in elimination of reactive oxygen species (ROS) and prevention of cisplatin-induced cytotoxicity compared with free amifostine. Overall, our study for the first time developed a PEGylated form of amifostine which significantly improved the efficacy and decreased the adverse effects of this antioxidant in vitro with great promise for clinical translation. In vivo study is urgently needed to confirm and redeem the cytoprotective effects of the PEG-amifostine in chemotherapy. 
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1. Introduction
[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Approved by the U.S. Food and Drug Administration (FDA), amifostine (trade name: Ethyol) has been clinically utilized for specific protection of normal tissues with high expression of alkaline phosphatase from oxidative damages induced by radiotherapy or chemotherapeutic drugs including alkylating agents and platinum-containing agents [1-3]. Amifostine, an organic thiophosphate prodrug, can be dephosphorylated quickly by alkaline phosphatase for conversion into its active metabolite with sulfhydryls which can scavenge oxygen-derived free radicals [4-7] and prevent DNA damage [8, 9]. Preclinical and clinical investigations have suggested that the cytoprotective selectivity of amifostine is mostly caused by the variations in alkaline phosphatase expression and extracellular acidity between normal tissues and tumors. For a majority of neoplastic tissues, hypoxia, weakly-acidic interstitial pH, and reduced expression of alkaline phosphatase in the plasma membrane of tumor cells all limit generation of the active metabolite, and therefore, amifostine is typically incompetent to protect these tumors from oxidative damages. In contrast, amifostine can be efficiently hydrolyzed into its active metabolite in most normal tissues with high expression of alkaline phosphatase and physiological environment, leading to selective protection of these normal tissues from the cytotoxicity of radiotherapy and chemotherapy [4, 10, 11]. 
In clinical practice, amifostine is intravenously administered at the dosage of 740 mg/m2 which usually reaches the saturate drug concentration in blood [3, 12]. Since the active metabolite of amifostine shows very limited stability in vivo due to the rapid formation of disulfide from free sulfhydryls, such a high dosage is required to achieve desirable protective effects. However, the extremely high drug concentration in blood results in inevitable adverse effects such as hypotension, nausea, and vomiting, which has significantly restricted the extensive application of amifostine [12]. Strategies that can ameliorate the efficacy and safety of amifostine are required for improvement of the therapeutic outcome. 
[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK72][bookmark: OLE_LINK73]PEGylation, covalently conjugating drug molecules with polyethylene glycol (PEG) chains, has shown great potential in improving the pharmacokinetics, pharmacodynamics and safety profiles of parent drugs [13]. Since PEG is commercially available and has been approved by FDA for clinical use [14], PEGylation has been widely applied for development of therapeutic agents including protein and peptide drugs [15], small molecule drugs [16], and drug delivery systems [17]. PEGylation has the capability to change the unfavorable properties of drugs in solubility, biodistribution, immunogenicity, enzymatic degradation, renal filtration and reticuloendothelial system phagocytosis [13]. Therefore, the circulatory half-life and bioavailability of drugs can be elevated, while drug toxicity can be reduced. This prompted us to consider whether PEGylation of amifostine can improve the drug stability and efficacy, therefore allowing low injection dosage for a favorable safety profile. So far, modification of amifostine by PEG has never been reported in literature.
Considering the loading efficiency of small molecules to PEG polymers [18, 19], we chose the 4-arm PEG with functional terminal for conjugation to amifostine. The physiochemical properties, capacity of hydrolysis by alkaline phosphatase, stability, in vitro toxicity and biological activities of PEGylated amifostine (PEG-amifostine) were evaluated. This study for the first time developed a PEGylated form of amifostine and demonstrated that PEG-amifostine had greater potency in antioxidant activity and safety profile compared with free amifostine in vitro.

2. Materials and methods
2.1 Reagents and animals
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK37][bookmark: OLE_LINK53][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK58][bookmark: OLE_LINK57][bookmark: OLE_LINK59]Amifostine was a generous gift from Merro Pharmaceuticals (Dalian, China). Four-arm poly (ethylene glycol) succinimidyl carboxy methyl ester (4-arm-PEG-SCM; molecular weight, 5,000 Da) was supplied by JenKem technology (Beijing, China). Alkaline phosphatase was obtained from Takara (Dalian, China). 5, 5’ - Dithiobis (2-nitrobenzoic acid) (DTNB) was purchased from Solarbio (Beijing, China). Aminofluorescein was from Acros Organics (Morris Plains, NJ, USA). LysoTracker Red DND-99 was supplied by Invitrogen (Carlsbad, CA, USA). Collagenase IV, DNase and H2DCFDA probe was obtained from Sigma Aldrich (St. Louis, MO, USA). Cisplatin was purchased from Alfa Aesar (Ward Hill, MA, USA). Alkaline phosphatase activity assay kit was purchased from Beyotime (Shanghai, China). Non-essential amino acids (NEAA), basic fibroblast growth factor (bFGF), and kits for membrane protein extraction or BCA protein assay were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Annexin V-FITC apoptosis detection kit was supplied by BD Biosciences (San Jose, CA, USA). Dulbecco’s modiﬁed Eagle’s medium (DMEM, 4.5 g/L glucose), fetal bovine serum (FBS), trypsin/EDTA, penicillin, and streptomycin were provided by Wisent (St-Bruno, Canada). BALB/c mice (male, 4-6 weeks) were provided by Vital River Laboratory Animal Technology (Beijing, China). All animal studies were approved by the Institutional Animal Care and Use Committee of Peking University.
2.2 Cell culture
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Human cervical carcinoma cell line (HeLa) and Human lung carcinoma cell line A549 were obtained from American Type Culture Collection (Manassas, VA, USA) and were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin and 100 μg/mL streptomycin. Cells used were those frozen within 6 months of purchase from the cell bank (authenticated using short tandem repeat DNA profiling analysis). Primary mouse testicular stromal cells (MTS) were isolated and cultured as previously described [20]. In brief, testes were separated from BALB/c mice (4-6 week old). The seminiferous tubules were digested successively by collagenase/DNase solution for 20 min and trypsin/EDTA solution for 5 min at 37 °C. Single cell suspension was obtained by filtering through a nylon mesh with 100 μm pore size and the resulting cells were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin, 100 μg/mL streptomycin, NEAA, and 10 ng/ml bFGF. After 24 h, MTS cells were further purified by removal of the suspending cells. Cells within 5 passages were utilized.
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]2.3 Preparation and characterization of PEG-amifostine and PEGylated fluorescein
Amifostine (100 μmol) or aminofluorescein (100 μmol) was dissolved in 1 mL of disodium hydrogen phosphate buffer (0.2 M). About 20 μmol of 4-arm-PEG-SCM was added to the solution for conjugation. After the pH was adjusted to 7.2-7.4, the reaction was continued by stirring at room temperature for 4 h. Then the solution was dialyzed (molecular weight cutoff, 1,000 Da) against deionized water for 24 h and was subsequently lyophilized. The final product was characterized by Fourier-transform infrared (FTIR) spectrometry (Spectrum One, PerkinElmer, MA, USA) with 16 scans taken for each sample, 1H nuclear magnetic resonance (NMR) spectrometry (Bruker AVANCE 400 NMR spectrometer, Billerica, MA, USA) at 400MHz in D2O, and MALDI-TOF mass spectrometry (Microflex LRF, Bruker Daltonics, USA) in reﬂection and positive ion mode with sinapic acid as the matrix. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]2.4 Morphological characterization of PEG-amifostine
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]Lyophilized PEG-amifostine was dissolved in deionized water and the solution was dropped onto a carbon coated copper grid. After the residual liquid being evaporated, the absorbed sample was stained by 2% sodium phosphotungstate for 10 min. The morphology of PEG-amifostine was examined by Transmission Electron Microscopy (TEM, Tecnai G2 20 S-TWIN, FEI, USA).
2.5 Thermal analysis
The thermal properties of amifostine, PEG and PEG-amifostine were evaluated using differential scanning calorimetry (Diamond DSC, PerkinElmer, MA, USA). Approximately 2 mg of each sample was placed into an aluminum pan and crimp sealed. The samples were then heated at the rate of 10 °C /min from 0 to 200 °C.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]2.6 Efficiency of PEG conjugation to amifostine
[bookmark: OLE_LINK67][bookmark: OLE_LINK68]The conjugation efficiency was determined by evaluation of free sulfhydryl groups in amifostine and PEG-amifostine as described previously [21]. In brief, 1 μmol of amifostine or PEG-amifostine was hydrolyzed by 500 μl of hydrochloric acid solution (0.15 M) at 60 °C for 40 min, followed by neutralization using 500 μl of sodium hydroxide (0.15 M). Then the generated free sulfhydryl groups were measured by Ellman’s reagent, DTNB. According to a previous study [22], DTNB was dissolved in the alkaline buffer containing 100 mM Na3PO4 and 1 mM EDTA (pH = 8.0). About 40 μl of the sample or sodium chloride solution was incubated with 60 μl of 4 mg/mL DTNB in one well of a 96-well plate. After the reaction was maintained in dark at room temperature for 10 min, the absorbance was measured at the wavelength of 412 nm using a microplate reader (Tecan infinite M200, Shanghai, China). Triplicate reactions were performed for statistical analysis. 
[bookmark: OLE_LINK41]2.7 Hydrolysis of amifostine and PEG-amifostine by alkaline phosphatase
[bookmark: OLE_LINK63][bookmark: OLE_LINK64]Alkaline phosphatase (1 unit) was used to hydrolyze the phosphorothioic group at the terminus of amifostine or PEG-amifostine (1 μmol) in Tris-HCl buffer (1 M, pH = 8.0) at room temperature. Free sulfhydryls in the solutions were measured every 2 min by DTNB as described above. 
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK44]2.8 Intrinsic hydrolysis of amifostine and PEG-amifostine in phosphate buffered saline (PBS)
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Amifostine or PEG-amifostine (5 μmol) were dissolved in 1 mL of PBS (pH = 7.4) at 37 °C and 100 μL of the solution was collected every 4 h. 50 μL of each sample was analyzed by the DTNB method described above for measurement of the concentration of free sulfhydryl groups (C-SH) which were generated by natural hydrolysis of amifostine or PEG-amifostine. The residual samples were further hydrolyzed by hydrochloric acid solution, followed by neutralization using sodium hydroxide as described above. The concentration of total free sulfhydryl groups (CSUM) which were derived from metabolites (C-SH) together with the unhydrolyzed prodrugs was measured by DTNB. The natural hydrolysis rate was calculated using the formula {[5 - (CSUM - C-SH)]/5} × 100%.
[bookmark: OLE_LINK45]2.9 Disulfide formation from free sulfhydryl groups in the hydrolysis products of amifostine or PEG-amifostine
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Amifostine or PEG-amifostine (5 μmol) were dissolved in 25 μl of hydrochloric acid solution (0.15 M) at 60 °C for 40 min and were subsequently neutralized by 25 μl of sodium hydroxide solution (0.15 M). Then the solutions which were considered as the hydrolysis products of amifostine or PEG-amifostine were diluted in 950 μl of PBS buffer (pH = 7.4) and was further kept at 37 °C. An aliquot (100 μl) was taken out every 4 h and was measured by reaction with DTNB for evaluation of residual free sulfhydryl groups. The time point at which free sulfhydryl groups were undetectable was considered as the time of all disulfide formation in amifostine or PEG-amifostine.
2.10 Activity of alkaline phosphatase in different cells
The activity of alkaline phosphatase in the conditioned medium, membrane and cytoplasm of cells were examined by alkaline phosphatase assay kit. Cells were cultured in DMEM medium for 24 h. Conditioned medium was collected by centrifugation of the culture medium at 200 g for 10 min and removal of the pellet. Membrane proteins and cytosolic proteins were extracted using the membrane protein extraction kit according to the manufacturer’s instructions. Protein concentration was determined by BCA protein assay kit. Indexes of the alkaline activity were finally normalized to the total protein quantity in each group.
2.11 Cellular uptake of PEGylated fluorescein
PEGylated fluorescein was used to simulate PEG-amifostine for examination of the cellular uptake. After HeLa cells were cultured in complete medium for 24 h, cells were incubated with PEGylated aminofluorescein (1 mM) for 0.5, 2, 5, 8, 12, or 24 h. For flow cytometry analysis, cells cultured in a 24-well plate were collected, washed by PBS twice, and examined for the fluorescence intensity by the BD Accuri C6 flow cytometer (BD Biosciences, USA). For immunofluorescence analysis, cells seeded onto glass-bottomed dishes were washed by PBS twice and incubated with LysoTracker Red DND-99 for 1 h according to the manufacturer’s instructions. After washed by PBS twice, the intracellular fluorescence signals of fluorescein (excitation, 488 nm; emission, 577 nm) and LysoTracker Red (excitation, 525 nm; emission, 590 nm) were detected by confocal microscopy (LSM710, Carl Zeiss, Germany).
2.12 Cell viability
To evaluate the cytotoxicity of amifostine or PEG-amifostine, HeLa cells (1×104) in 96-well plates were cultured for 24 h, and were incubated with amifostine or PEG-amifostine (0, 0.15, 0.29, 0.58, 1.17, 2.34, 4.68, 9.35 or 18.70 mM) for 24 h. To evaluate the effect of alkaline phosphatase, HeLa cells were pre-incubated with 10 mM L-homoarginine and subsequently treated with amifostine or PEG-amifostine (2 mM) for 24 h. Cell viability was evaluated using the cell counting kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan). To examine the protective effect of amifostine or PEG-amifostine against cisplatin, HeLa cells were incubated with amifostine or PEG-amifostine (0.2, 1, or 5 mM) for 30 min, then treated with cisplatin (50 μM) for 24 h, and analyzed for cell viability. Each treatment was repeated five times for statistical analysis. 
2.13 Flow cytometry analysis of intracellular reactive oxygen species (ROS)
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36]HeLa cells (5×104) were seeded onto a 24-well plate and cultured for 24 h. After treated with amifostine or PEG-amifostine (1 mM) for 0.5, 2, 5, 8, 12, or 24 h, cells were incubated with H2DCF-DA probe (10 μM) for 30 min. After removal of the medium, cells were stimulated by H2O2 (1 mM) for 30 min for generation of ROS. Cells were harvested, washed by PBS twice, and detected for the fluorescence intensity of H2DCF-DA metabolite by flow cytometry (excitation, 488 nm; emission, 525 nm). The experiment was repeated three times.
2.14 Flow cytometry analysis of cell apoptosis
HeLa, MTS or A549 cells were pre-incubated with amifostine or PEG-amifostine (1 mM) for 30 min and further treated by cisplatin (50 μM) for 24 h. Cells were harvested and stained by Annexin V-FITC for 15 min using the Annexin V-FITC apoptosis detection kit. After washed twice by PBS, cells were further stained by propidium iodide (PI) for 5 min. The fluorescence intensity of Annexin V and PI was analyzed by flow cytometry (excitation, 488 nm).
2.15 Statistical analysis
Data were analyzed by Student t test for comparison of two groups and one-way ANOVA followed by post hoc test for multiple groups. 

3. Results
3.1 Design and characterization of PEG-amifostine
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK27][bookmark: OLE_LINK28]Considering the loading efficiency of small molecules to relatively large polymers, we utilized the 4-arm PEG with succinimidyl carboxymethyl (SCM) esters at the terminals of all branches for conjugation to amifostine. To protect the thiophosphate group of amifostine from hydrolysis, the pH of reaction solution was adjusted to 7.2-7.4. Theoretically, four amifostine molecules would be linked to one 4-arm PEG through formation of amide bonds between the amino groups of amifostines and the SCM ester of PEG. Structures of amifostine and 4-arm PEG, as well as the synthesis process of PEG-amifostine were elaborated in Figure 1A.  
The chemical structure and composition of synthesized product were characterized by 1H NMR and FTIR. For the NMR spectrum of PEG-amifostine, the major peak at 3.73 ppm was assigned to the repeated methylene protons of PEG. The peaks in amifostine at 3.10-3.02 ppm (α1+α2, 2H+2H, -HNCH2CH2-) were assigned to two types of methylene protons. Peaks of α1 shifted to higher chemical shift (3.42-3.34) and overlapped with peaks for methylene protons (γ, 2H, -CH2CH2NH-) in PEG-amifostine, indicating the formation of amide bond after conjugation. Peaks for α2 remained at the original chemical shift (3.12-3.07) in PEG-amifostine (Figure 1B). The FTIR spectra showed the characteristic peaks of PEG, amifostine, and PEG-amifostine, including C-H at 2851 cm-1 contributed by ether groups both in PEG and PEG-amifostine, C=O at 1740 cm-1 in PEG shifting to 1640 cm-1 in PEG-amifostine, and –NH– at 1505 cm-1 both in amifostine and PEG-amifostine (Figure 1C). The average molecular weights of PEG and PEG-amifostine revealed 5634.16 Da and 5916.71 Da, respectively, as analyzed by MALDI-TOF mass spectrometry (Figure 1D). Moreover, TEM examination of PEG-amifostine showed that the chimeric molecules clustered into spherical nanoparticles with sizes from 100 to 400 nm (Figure 1E). Based on the DSC thermograms (Figure 1F), we observed that the melting temperature of PEG and PEG-amifostine was 41.5 (a) and 47.1 °C (c), respectively. No obvious degradation peaks for PEG and PEG-amifostine appeared below 200 °C. These results demonstrate that PEG-amifostine was successfully constructed through conjugation of amifostine to 4-arm PEG, and exhibited unique characteristics.
3.2 Efficiency of conjugation and the hydrolysis properties of PEG-amifostine
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]Confirming the composition of synthesized PEG-amifostine, the conjugation efficiency was evaluated by measuring the free sulfhydryl groups in the hydrolysis products of amifostine and PEG-amifostine. DTNB analysis showed that the free sulfhydryl groups of hydrolyzed amifostine and PEG-amifostine at the concentration of 0.1 mM were approximately 0.1 and 0.3 mM, respectively (Figure 2A), suggesting that one 4-arm PEG was conjugated with three amifostine molecules on average. Further investigation into whether the cluster structure of PEG-amifostine affected the rate of hydrolysis by alkaline phosphatase was carried out. After incubation with 1 unit alkaline phosphatase, amifostine (1 μmol) was fully hydrolyzed within 1 min. In contrast, complete hydrolysis of PEG-amifostine required about 16 min (Figure 2B). The controlled formation of free sulfhydryls from PEG-amifostine was likely attributed to the formation of clusters that slowed down the interaction between internal thiophosphate groups and alkaline phosphatase. Meanwhile, whether spontaneous hydrolysis of amifostine or PEG-amifostine occurred at the physiological condition was examined. As shown in Figure 2C, amifostine (5 μmol) was entirely hydrolyzed in 1 mL of PBS buffer (pH = 7.4) in 60 h, during which only 40% of PEG-amifostine was hydrolyzed. Less than 1% of either amifostine or PEG-amifostine exhibited intrinsic hydrolysis in PBS buffer within the initial 30 min. After hydrolysis by alkaline phosphatase, amifostine or PEG-amifostine exposed functional sulfhydryl groups which were inclined to form intra-molecular disulfide bonds in oxidative environment. The formation of disulfide bonds were detected in the hydrolysis products of amifostine and PEG-amifostine. All sulfhydryl groups derived from amifostine (5 μmol) in 1 mL of PBS turned into disulfides within 56 h. However, the disulfide bond formation time of hydrolyzed PEG-amifostine was shortened to 24 h (Figure 2D). These results illustrate that PEGylation changed the hydrolysis properties of amifostine. 
3.3 Cellular uptake of PEG-amifostine
Since PEG-amifostine is functional through reaction with alkaline phosphatase in cells, we compared the activity of alkaline phosphatase in normal MTS cells and two cancer cell lines HeLa and A549 for further evaluation of the PEG-amifostine function. The activity of alkaline phosphatase in different components including conditioned medium, membrane and cytoplasm was examined. As shown in Figure 3A, active alkaline phosphatase was hardly secreted by all three types of cells while was highly expressed in the membrane and cytosolic fractions of both MTS cells and HeLa cells. Active alkaline phosphatase was almost undetectable in A549 cells. The high expression of alkaline phosphatase in HeLa cancer cells was consistent with a previous report [23]. Based on this result, we proposed that HeLa and MTS cells can be protected by amifostine or PEG-amifostine which had little cytoprotective effect on A549 cells. Next we evaluated the interaction between PEG-amifostine and HeLa cells. Aminofluorescein was conjugated to the 4-arm PEG for simulation of PEG-amifostine. After incubation with PEGylated fluorescein for different time intervals, cells were stained for indication of endo-lysosomes followed by confocal microscopy analysis. As shown in Figure 3B, the fluorescence intensity of PEGylated fluorescein in HeLa cells increased over time and internalized molecules were mostly co-localized with endo-lysosomes. The cellular uptake profile of PEGylated fluorescein was also examined by flow cytometry analysis which validated the time-dependent internalization of PEGylated fluorescein (Figure 3C). These results suggest that PEG-amifostine can be internalized into cells and translocate to acidic organelles, possibly through endocytosis pathways.
3.4 Safety profile of PEG-amifostine in vitro
The toxicity profile of PEG-amifostine was evaluated and compared to the one of amifostine. According to previous reports, amifostine is injected at the dosage of 740 mg/m2 to patients (relative to about 1.2 mM in blood) whereas 400 mg/kg to mice [24, 25] (relative to about 18.7 mM in blood). Thereby, HeLa cells were treated with amifostine or PEG-amifostine at different concentrations from 0 to 18.7 mM for 24 h. Analysis of cell viability revealed that about 60% of cells died after treatment of amifostine at the concentration of 1.17 mM and cell viability was further decreased when the drug concentration was elevated, indicating that the safety window of amifostine was narrow. In contrast, PEG-amifostine showed little cytotoxicity even at the concentration of 18.7 mM (Figure 4A). Moreover, we evaluated the effect of alkaline phosphatase on amifostine or PEG-amifostine induced cytotoxicity. HeLa cells were incubated with an inhibitor against alkaline phosphatase, L-homoarginine [23, 26], followed by treatment of amifostine or PEG-amifostine. Interestingly, L-homoarginine significantly decreased the cytotoxicity of amifostine while had a marginal effect on PEG-amifostine (Figure 4B). These results demonstrate that the intrinsic cytotoxicity of amifostine under the enzymatic hydrolysis by alkaline phosphatase can be attenuated by PEGylation.   
3.5 Biological activity of PEG-amifostine in vitro
Based on previous studies, the cytoprotective activity of amifostine was achieved by elimination of free radicals, such as ROS because of the efficient hydrolysis by alkaline phosphatase. Therefore, the effect of PEG-amifostine on the prevention of ROS accumulation in HeLa cells rich in alkaline phosphatase was examined. After HeLa cells were treated with amifostine or PEG-amifostine (1 mM) for different time intervals, cells were further stimulated by H2O2 for generation of ROS. Flow cytometry analysis of intracellular ROS in Figure 5A showed that treatment of amifostine from 0.5 to 8 h decreased the ROS accumulation by 34 % within 2 h, and then ROS level gradually increased. Moreover, treatment of amifostine for 24 h sensitized cells to H2O2 stimulation, leading to higher ROS level than H2O2 treatment alone. In contrast, PEG-amifostine effectively eliminated ROS from 0.5 to 24 h, sustaining the optimal protective effect from 5 to 12 h after treatment.  
PEG-amifostine against cisplatin was evaluated in order to gain insights into the efficiency of PEG-amifostine for reducing chemotherapy-induced side effects. After HeLa cells were incubated with amifostine or PEG-amifostine at various concentrations for 0.5 h and further with cisplatin for 24 h, cell viability was examined. As shown in Figure 5B, the combination of cisplatin and amifostine at a high concentration (5 mM) decreased the cell viability by 20% compared with cisplatin alone that could kill 70% of cells. However, PEG-amifostine at this concentration prevented cisplatin-induced cytotoxicity, resulting in almost all cells at viable states. About 50% and 60% cisplatin-treated cells remained viable when co-incubated with amifostine and PEG-amifostine at 1 mM, respectively. Amifostine or PEG-amifostine at a low concentration (0.2 mM) showed a mild protective effect, with only 40% living cells. 
We further assessed the protective effect of PEG-amifostine against cisplatin in HeLa, MTS, and A549 cells which had distinct expression of alkaline phosphatase. After cells were treated by cisplatin in the presence of amifostine or PEG-amifostine for 24 h, cell apoptosis was evaluated. Flow cytometry analysis of Annexin V/PI showed that cisplatin induced 19.4% HeLa cells at all apoptosis and necrosis status (upper left, upper right and lower right quadrants) while co-treatment of amifostine or PEG-amifostine decreased the rates to 13.7% or 7.5%, respectively. Compared with cisplatin treatment alone, co-treatment of amifostine decreased early apoptosis by 6.6% but slightly increased necrosis in HeLa cells. In contrast, early apoptosis, late apoptosis and necrosis of HeLa cells were all declined by the co-treatment of PEG-amifostine. Similar cytoprotective effects of amifostine and PEG-amifostine were observed in MTS cells. However, cytotoxicity of cisplatin to A549 cells was not suppressed by either amifostine or PEG-amifostine (Figure 6). Overall, these results demonstrate that PEG-amifostine has greater potential in elimination of free radicals and prevention of chemotherapy-induced toxicity in cells with high expression of active alkaline phosphatase in comparison to amifostine alone.

4. Discussion 
Amifostine is an FDA-approved antioxidant for protection of normal tissues in cancer patients from ROS damage induced by chemotherapy or radiotherapy. The biological activity of amifostine depends on its hydrolysis by alkaline phosphatase into the active metabolite with free sulfhydryls. However, in clinical application, an extremely high dosage of amifostine is required for optimal effectiveness due to the instability and quick elimination of the active metabolite, leading to inevitable side effects. Strategies for modification of amifostine have been investigated in the past decade, including encapsulation into nano/macro particles [27-33], electrostatic absorption onto polymers [33], and covalent conjugation to polymers through a linker that could be hydrolyzed in vivo [34]. However, the final functional form of amifostine in these studies is still a small molecule. In the present study, we for the first time conjugated amifostine to the 4-arm PEG which significantly improved the antioxidant activity as well as safety profile of amifostine. Exploration of the underlying mechanism revealed that PEGylation prolonged the hydrolysis time of amifostine，providing sustained transformation into functional metabolite.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Successful conjugation of amifostine to 4-arm PEG was verified by various analyses including 1H NMR, FTIR, MALDI-TOF, and DSC (Figure 1). As the activity of SCM ester is positively correlated with the alkaline pH, regional high alkalinity during dissolution may induce hydrolyzed SCM ester prior to reaction with amifostine. The synthesized PEG-amifostine molecules were presumed to be polydispersed and contain different numbers (one to four) of amifostine. Based on mass spectrometry (Figure 1D), the discrepant amount of 282.55 Da between PEG-amifostine (5916.71 Da) and PEG (5634.16 Da) was resulted from conjugated amifostine. As each linked amifostine theoretically contributed 99 Da, the mass spectra suggested that one PEG was conjugated with 2.85 amifostine molecules on average in the synthesized product. Consistently, the amount of free sulfhydryl groups in completely hydrolyzed PEG-amifostine was three times of that in equal hydrolyzed amifostine (Figure 2A), also indicating that one 4-arm PEG was conjugated with three amifostine molecules on average. TEM examination of PEG-amifostine showed that the large molecules formed clustered spherical nanoparticles (Figure 1E). Given the large amounts of electrophilic oxygen and nitrogen atoms in the PEG arms, hydrogen bonds were easily formed intra/inter-molecularly. Meanwhile, at physiological pH, the thiophosphoric groups in PEG-amifostine were prone to ionization, releasing hydrogen ions which were usually captured by the nitrogen atoms. The electrostatic interaction between negatively charged thiophosphoric groups and positively charged amino groups intra/inter-molecularly also contributed to the formation of clusters of PEG-amifostine. The wide range of particle size was likely induced by non-uniform conjugation and polydispersed molecular weights of PEG molecules. 
When evaluating the effect of PEGylation on the hydrolysis properties of amifostine, we found that PEG-amifostine was less sensitive to alkaline phosphatase compared with amifostine, resulting in prolonged hydrolysis time (Figure 2B). The controlled formation of free sulfhydryls from PEG-amifostine was likely attributed to the formation of clusters that slowed down the interaction between internal thiophosphate groups and alkaline phosphatase. Even though amifostine could turn into its active metabolite spontaneously, the results showed that the metabolism of amifostine or PEG-amifostine was dominated by alkaline phosphatase but not spontaneous hydrolysis in physiological environment (Figure 2C). Meanwhile, the disulfide formation was much faster in the active metabolite of PEG-amifostine than that in hydrolyzed amifostine (Figure 2D). This difference was attributable to the cluster structure of PEG-amifostine that reduced the inter-molecular distance. Therefore, the chance of collision of sulfhydryl groups in various molecules was increased. Nevertheless, this reaction would be much slower than that between the sulfhydryl groups and free oxidative radicals in vivo. 
The cellular uptake profile of PEGylated fluorescein suggested that PEG-amifostine was likely internalized into cells by endocytosis due to the formation of clustered spherical particles (Figure 3B and 3C), a pattern distinct from the diffusion behavior of the small molecule, amifostine. Localized in lysosomes, PEG-amifostine which was incompletely hydrolyzed by alkaline phosphatase before endocytosis was further transformed to its metabolite gradually in the acidic organelles. Moreover, the free sulfhydryls was prevented from forming disulfide in acidic pH, resulting in long-term stable protective effect. The in vitro safety profile of amifostine was also altered after PEGylation. It was found that PEGylation potentiated amifostine with reduced toxic effects (Figure 4A). Testified by the inhibition of alkaline phosphatase, the severe cytotoxicity of amifostine was likely induced by the rapid formation of sulfhydryl groups which underwent long-term interaction with cells and interfered with cell growth (Figure 4B). However, PEGylation of amifostine resulted in controlled formation of sulfhydryl groups and increased steric hindrance between sulfhydryl groups and biomolecules.
[bookmark: OLE_LINK4][bookmark: OLE_LINK12]Amifostine can be transformed to its active metabolite within 2 h by the alkaline phosphatase embedded in the cell membranes. Long-time treatment of amifostine (from 8 h to 24 h) was ineffective for elimination of intracellular ROS due to the decrease of exposed sulfhydryl groups which reacted with each other or other biomolecules. Meanwhile, the redundant sulfhydryl groups which had not reacted with active hazardous factors such as ROS within 12 h would trigger cells to produce more ROS. On the contrary, PEG-amifostine exhibited a long-term antioxidative activity with a slowly accumulative profile in 24 h without showing any toxicity (Figure 5A). Such phenomenon was induced by the controlled generation and vanishment of sulfhydryl groups from PEG-amifostine which was likely to offer a prolonged antioxidative environment due to the reduced hydrolysis rate. Prevention of excess sulfhydryl groups from contact with other biomolecules by the polymeric structure also repressed the generation of additional ROS. 
Our work also showed that PEG-amifostine had similar cytoprotective effect against cisplatin treatment compared with amifostine at low dosages (Figure 5B). High dosage of PEG-amifostine almost completely neutralized the cytotoxicity of cisplatin, whereas amifostine showed acutely intrinsic cytotoxicity at the same dosage. Moreover, PEG-amifostine showed obvious protective effect only in cells with high expression of active alkaline phosphatase such as HeLa and MTS cells but was incapable of decreasing the cytotoxicity of cisplatin to cells with negative alkaline phosphatase expression such as A549 cells, which represents most of the tumors with inactive alkaline phosphatase. Therefore, PEGylation did not change the selective protection of amifostine and is expected to enhance the protective effects of amifostine against chemotherapy. Compared with production of endogenous redox analog [35-37], synthesis of PEG-amifostine is much easier and cheaper. These advantages together with relatively low immunogenicity of PEG-amifostine provided great promise for its clinical application.
Our current study still has several limitations. As an extensively used antioxidant in radiotherapy, amifostine can be quickly hydrolyzed in vivo and release sufficient functional moieties to neutralize the burst of free radicals generated under radiation. However, PEG-amifostine may not be adequate for application in radiotherapy due to the controlled hydrolysis profile, which could not eliminate a large amount of ROS in a short time. Moreover, we are trying to establish an effective method for tracing free sulfhydryl groups in the metabolite of PEG-amifostine using high performance liquid chromatography with a sensitive electrochemical detector [3, 4]. This strategy will allow investigation of the distribution and metabolism of PEG-amifostine in vivo, and provide intensive mechanism for its clinical translation. 
Taken together, our study developed a novel antioxidant by conjugation of amifostine to the 4-arm PEG. Being clustered into spherical nanoparticles, the PEG-amifostine can release the functional metabolite from the prodrug in a controlled manner, and prevent conjugated metabolite from reacting with pivotal biomolecules. These features showed greater potency of PEG-amifostine in safety profile, elimination of free radicals and protection against chemotherapy-induced toxicity compared with amifostine. As the role of antioxidants in cancer therapy is increasingly emphasized [38, 39], the PEG-amifostine is promising for clinical application for reducing cytotoxicity of chemotherapy. 
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Figure 1. Schematic illustration and characterization of PEG-amifostine. (A) Schematic illustration for the synthesis of PEG-amifostine (P-Ami) from 4-arm PEG and amifostine. Amifostine and 4-arm PEG with SCM esters at the terminals of all branches took reaction at pH 7.2-7.4 at room temperature. (B) 1H NMR spectra of PEG, amifostine, and PEG-amifostine which were examined at 400 MHz in D2O. a, PEG; b, amifostine; c, PEG-amifostine. α1/α2, -HNCH2CH2-; β, -CH2CH2CH2-; γ, -CH2CH2NH-; λ, -CH2CH2SPO3H2. (C) FTIR spectra of PEG, amifostine, and PEG-amifostine. Lyophilized products were uniformly mixed with potassium bromide and applied to FTIR analysis. Each sample was scanned for 16 times. a, PEG; b, amifostine; c, PEG-amifostine. (D) The molecular weight of PEG and PEG-amifostine analyzed by MALDI-TOF mass spectrometry. a, PEG; b, PEG-amifostine. (E) Morphology of PEG-amifostine as examined by TEM. (F) Differential scanning calorimetry thermograms of PEG, amifostine, and PEG-amifostine. a, PEG; b, amifostine; c, PEG-amifostine. The peak of a, b1 and c indicated the melting temperature.


Figure 2. The hydrolysis properties of PEG-amifostine. (A) Concentration of free sulfhydryl groups (–SH) in the hydrolysis products of amifostine (Ami, 0.1 mM) and PEG-amifostine (P-Ami, 0.1 mM). (B) Relative amount of free sulfhydryls after amifostine (Ami, 1 μmol) or PEG-amifostine (P-Ami, correspond to 1 μmol of amifostine) were incubated with alkaline phosphatase (1 unit) for different time intervals. (C) Relative amount of free sulfhydryls generated from amifostine (Ami, 5 mM) or PEG-amifostine (P-Ami, correspond to 5 mM of amifostine) in PBS (pH = 7.4) over different time; (D) The formation of disulfide bonds from free sulfhydryls of WR1065 (5 mM) or corresponding PEG-WR1065 was indicated by the remaining amount of sulfhydryls in PBS. Data were represented as mean ± S.D. (n = 3).


Figure 3. Cellular expression of alkaline phosphatase and celluar uptake of PEGylated fluorescein. (A) Activity of alkaline phosphatase (ALP) in HeLa, MTS, and A549 cells. After cells were cultured in serum-free medium for 24 h, conditioned medium (CM), membrane and cytosolic proteins were collected. The activity of alkaline phosphatase in each component was examined. Indexes of the alkaline activity were finally normalized to the total protein quantity in each group. (B) Confocal microscopy analysis of internalization and subcellular localization of PEGylated fluorescein (green) over time. LysoTracker indicated endo-lysosomes (red); Hoechst stained for nucleus (blue). Scale bar represents 20 mm. (C) Uptake of PEGylated fluorescein by HeLa cells was evaluated by flow cytometry. The relative fluorescence intensity of PEGylated fluorescein inside cells at each time point was quantified. Data were represented as mean ± S.D. (n = 3). 



Figure 4. Cytotoxicity of amifostine (Ami) and PEG-amifostine (P-Ami). (A) Viability of HeLa cells treated with amifostine or PEG-amifostine at different concentrations for 24 h. (B) Effect of alkaline phosphatase on amifostine or PEG-amifostine induced cytotoxicity. After HeLa cells were treated with amifostine (2.34 mM) or corresponding PEG-amifostine in the presence or absence of L-homoarginine (HArg) for 24 h, cell viability was analyzed by CCK-8. Data were represented as mean ± S.D. (n = 5).


Figure 5. Cytoprotective effect of PEG-amifostine in HeLa cells. (A) Flow cytometry analysis of intracellular ROS levels. HeLa cells were incubated with amifostine (1 mM) or corresponding PEG-amifostine for 0.5, 2, 5, 8, 12 or 24 h, and then stimulated by H2O2 to generate ROS. Intracellular ROS was labeled with H2DCFDA probe. (B) Cytoprotective effects of PEG-amifostine against cisplatin-induced toxicity. HeLa cells were pre-incubated with amifostine (Ami) or PEG-amifostine (P-Ami) at indicated concentrations for 30 min and further co-treated by cisplatin (Cis, 50 μM) for 24 h. Cell viability was examined by CCK-8 analysis. 


Figure 6. Efficacy of PEG-amifostine in cells with different expression of alkaline phosphatase. HeLa, MTS or A549 cells were pre-incubated with amifostine or PEG-amifostine (1 mM) for 30 min and further treated by cisplatin (50 μM) for 24 h. After co-stained by Annexin V-FITC and PI, cell apoptosis was analyzed by flow cytometry. Percentage of cells at different apoptotic status was quantified and at live status was calculated for statistical analysis. ***P < 0.001 compared with control; ▼▼▼P < 0.001 compared with cisplatin; ▲▲P < 0.01 compared with amifostine and cisplatin. Data were represented as mean ± S.D. (n = 3).
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