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[bookmark: OLE_LINK8]The surface chemistry of stimulusi-responsive nanoparticles is important forplays an important role in mediating  mediating nano-bio interactions in cancer nanomedicine by targeting the  based on uspecial nique features of theat tumor extracellular microenvironment, such as low extracelullar pH. To establish develop therapeutic nanoparticles with high sensitivity and instant response against toa subtle pH  signal differences with in the systemic circulation, we developed produced a novel polyzwitterion with acylsulfonamide- based betaine structure by one- step modification of polycarboxybetaine (PCB) with benzene sulfonamide. , to switch the surface chemistry of polymeric micelles from physiological (pH 7.4) to tumor slightly acidic microenvironment (pH 6.5). The zwitterionic micellar shells were zwitterionic nature in blood circulation forshow high antifouling in the blood circulation and, while acutely convertsed into positive charge via acylsulfonamide a protonation, thereby ed acylsulfonamide to improvinge cell affinity atat tumor sites. In additionMoreover, the polymeric micelles also had a disulfide bond between the shell and poly-ε-caprolactone (PCL) core allows for reductiveucti-vely responsive release of doxorubicin (DOX) after internalization of the polymeric micelles. As expectedFinally, in vitro and in vivo competition studies assays in vitro and in vivo demonstrated that dual responsive drug- loaded micelles have better anticancer efficiencyect than free DOX and or micelles without zwitterionic pH-responsive zwitterionicproperties micelles. Thus, we have developed aa simple and valuable strategy is provided toto enhance pHe sensitivity of micellar carriers and cancer treatment effectfor cancer treatment. 
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Introduction 
[bookmark: OLE_LINK24][bookmark: OLE_LINK29][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK16]NInspired by several breakthroughs in clinical applications, nanoparticle s (NPs)- based drug delivery systems (NDDS), have been intensively explored over the past decades to alter modify the pharmacokinetics and biodistribution of antitumor drugs in the past decades, leading to significant clinical breakthroughs [1, 2]. However, for most nanoparticles, the delivery efficiency of most NPs developed to date remains relativelyis low, which limits their and dissatisfied in clinical applications [3]. ComplexThe sophisticated physiological barriers and nonspecific biointeractions during transport process is a majorare major challenge factors hindering the efficient transport and delivery offor therapeutic NPsnanoparticles [4]. To address this issuethese challenges, many significant efforts were devotedhave been invested in to developto the development of  intelliegent NDDSDDS based ontargeting the  specific tumoral microenvironment [5]. For instance, self-assembled from block copolymers, various responsive polymer micellles self-assembled from block copolymers have been formulated to were formulated target tumor by the extracellular biochemical featuresproperties of cancer, such as hypoxia, acidity, and speicaspecificl enzymes, and have shown , and showedstrong therapeutic potential therapeutic performance[6-8]. However, these biochemical biochemical featuresproperties are often heterogeneous or based ona slight subtle differences with from normal tissue. Thus, , which requires responsive materials NPs targeting the tumor microenvironment must have with high sensitivity  to improve the accuracy of targeting accuracy and minimize side effects[9].
[bookmark: OLE_LINK2][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK39][bookmark: OLE_LINK40]	In most solid tumors, theAmong the features, the extracellular pH (pHe) of most tumors is more acidic than that of the normal tissues due to the common Warburg effect in solid tumor[10]. NPs with conversional surface chemistry are efficient, versatile therapeutic tools that Taking take advantage of this pH variation to , constructing NPs with conversional surface chemistry becomes an efficient and wide strategy to facilitate cellular uptake and enhance antitumor efficacy of conventional NPs[11]. Typically, a neutral or negaetive NPs areis able to reduce undesired interactions in the bloodstream and thereby ensure a prolonged circulation time. Once arrivingWhen they reach a at the tumors, NPs switch their surface potential into positive charge upon acidic stimuli, resulting iwhich gives themn high affinity for pathological sites via electrostatic attraction[12]. Although several strategies have been explored for developing pH-responsive NPs, they present some disadvantages. So farFor instance, an acid-cleavable unit can trigger , one wide pathway is pHe triggering chemical deprotection andto exposes cationic groups of NPs of NPs by a acid-cleavable unit[13],. yet However, the cleavage reaction is a gradual and difficult to precise control in a narrow acidic gradient (from 7.4 to 6.5). Alternatively, The other was the installation of a polymers with weak basic groups, such as polyhistidine or poly(β-amino ester), can . promote the cationization of therapeutic NPs at acidic pHe The via protonation of the basic group at pHe promoted the cationization of therapeutic NPs [14].. However, the deprotonated state in the bloodstream was is hydrophobic and enveloped in the the core of carrier’s core. The circulation stability of this system therefore reliesd on an additional hydrophilic polymer, such as polyethylene glycol (PEG), which may bring thecause charge shielding effects at tumor sites to and consequently inhibite the endocytosis inof cancer celles[15].
	In addtion to PEG, Zzwitterionic polymers (polyzwitterions) have a unique structure with equal number of cationic and anionic groups on the molecular chains, which makes them are also neutral and ulthighly ihydrophilic because of bearing an equimolar number opposite ionizable group in monomeric unit[16]. Due to these physical properties, polyzwitterions have ultra-high resistance to protein adsorption, excellent biocompatibility, and undetectable immune response, and thereforeDue to the unique structure, polyzwitterions represent better preformanca viablee alternative to PEG in drug delivery systems , such as ultra-high resistance to protein adsorption, excellent biocompatibility and without detectable immune response [17, 18]. Additionally, the structure of zwitterionic polymers may offer allows fora straightforward mechanism for charge transitions by selectively diminishing reducing or increasing one of thean ion pairs[19]. For instance, in quantum dots coated with Ranneh. et al. developed aa pHe-responsive polyzwitterion with an ethylenediamine-based betaine structure[20], a d. Di-protonation process of polyzwitterion convertsed the neutral net charge ofat pH 7.4 into cationic at tumorrous pHe, resulting in enhanced for both antifouling property and enhanced increased tumor accumulation after coating quantum dots. [20]. Moreover, the pKa of sulfonamide derivatives were widely reported their pKa aroundis within the physiological pH range[21-23]. Rotello‘s group creatively introduced an acylsulfonamide group as the anionic moiety inof zwitterionic ligands, and showed thating an acute charge transition of of zwitterionic gold nanoparticlesNPs occurred  at tumor pHe [24]. AAlthough analogous zwitterionic micelles from theformed by self-assembly of mixed-charged copolymers also showed, coluld also present pHe-responsive drug delivery and positive treatment effectcancer treatment positive outcomes [25-27], and. tTheir surface chemistry depended on the complex structural regulation. ThereforeThus, pH-responsive polyzwitterions suggest a represent a well-definedpromising mechanism in to selectively mediateing nano-bio interactions between circulation and tumor sites for better improved clinical applications in cancer nanomedicine.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]	The therapeutic efficacy of NDDS is highly dependent on The capacity of NDDS totheir capacity for  intracellular payload be considerable intracellular release of payloads is significant to therapeutic efficacy. However, the permeation of drug permeation also relies on is always gradual for its hydrophobicity[28]. An efficient strategy to improve NDDS drug intracellular release is to involves introducinge disulfide bonds into NDDSsto trigger  that triggered the demicellization or degradation under in high glutathione intracellular levels of glutathione [29]. In the present study, this present, we developed a novel polymer micelle system with a pHe-responsive polyzwitterion shell and a disulfide-linked ing a biodegradable poly-ε-caprolactone core, forto overall improvinge the delivery and release of anticancer drugs in vitro and in vivo (, illustrating in Sscheme 1). The acylsulfonamide betaine structure onn the polyzwitterion shell offers aprovides the  micellar nanocarrier with a sensitive and reversiable surface charge- conversion mechanism on the surface of micellar nanocarrier via a protonation/deprotonation inat tumor slight acid acidic tumor microenvironments. Thus, this novele micellar carrier possesses excellent antifouling during in the blood circulation and, while activatable uptake by cancer cells after accumulatingng at tumor sites by EPR effect. The intracellular release of doxorubicin is accelerated by reductive responsiveness.
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Scheme 1. Schematic representation of the micellar carrier structure of micellar carrier and theand in-vivo delivery of DOX into cancer cells.
2 Experimental Section 
2.1 Materials
A zzwitterionic triblock copolymer containing a disulfide-linked poly-ε-caprolactone and polycarboxybetaine methacrylate (PCB-SS-PCL-SS-PCB) was prepared by RAFT polymerization of carboxybetaine methacrylate by using a PCL-RAFT macromolecular chain transfer agent containing cystamine units. The detailed synthesis and characterization of this polymer was has been discussed described in our previous paperreport[30]. N-(3-Dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC•HCl, 98%) and N-Hydroxysuccinimide (NHS, 98%) were purchased from J&K Chemical, (Beijing, China) and used as received. Galactosamine (GAL) was purchased from Sigma-Aldrich (Shanghai, China). All other reagents and solvents were of analytical grade and used as received. Dulbecco’s modiﬁed Eagle’s medium (DMEM), penicillin-streptomycin, fetal bovine serum (FBS) and 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT), were purchased from Thermo Fisher Scientific.
2.2 Modification of PCB-SS-PCL-SS-PCB with benzene sulfonamide 
Benzene sulfonamide was used to modify the carboxylate group of PCB via EDC/NHS chemistry. To conjugate benzene sulfonamide, 10 mg of PCB-SS-PCL-SS-PCB were first incubated with 400 mM EDC and 200  mM NHS in mixed water and a DMSO solution for 30 min. After that, the pH value of the solution was  maintained at pH 9 by using sodium borate buffer, and then reacted with 5 mg of benzene sulfonamide at RT for 4 h. The reacted solution was shifted to a dialysis bag (of MWCO 7000) and against deionized water to remove salt and unreacted benzene sulfonamide. Finally, benzene sulfonamide modified PCB-SS-PCL-SS-PCB (PCBSA-SS-PCL-SS-PCBSA) was obtained by freeze drying (8.8 mg,. 82%). 
Preparation and characterization of PCBSA Micelles 
PCBSA-SS-PCL-SS-PCBSA (10 mg) was firstly dissolved in DMSO (2 mL) to prepare polymer solution with an initial concentration of 5.0 mg/mL. Subsequently, PB (50 mM, pH 7.4) was added to the polymer solution at a rate of 1 drop every 6-7 s under vigorous stirring until turbidity appeareding in the solution, indicating the occurrence of micellization of PCBSA-SS-PCL-SS-PCBSA. The micelle solution was allowed to keepallowed to cool overnight and then transferred into a dialysis bag (MWCO 3500) against PB for 48 h to remove DMSO. Finally, the PCBSA-SS-PCL-SS-PCBSA micelle (PCBSA micelles) solution was diluted to 0.2 mg/mL of polymer concentration.
	The critical micelle concentration (CMC) of PCBSA micelles was determined by using pyrene as a fluorescence probe on a Varian fluorescence spectrophotometer at room temperature. The concentration of PCBSA-SS-PCL-SS-PCBSA was varied from 2×10-4 to 0.2 mg/mL in water and the concentration of pyrene was fixed at 0.6  µμM. The fluorescence spectra were recorded using a FLS920 fluorescence spectrometer with the excitation wavelength of 330 nm. The emission fluorescence at 368 and 375 nm wasere monitored at 368 nm and 375 nm. The CMC was estimated as the cross-point when extrapolating the intensity ratio I375/I368 at low and high concentration regions. The size and size distribution (PDI) of the micelles wasere measured using a laser particle size analyzer (Zetasizer Nano, Malvern, UK). Micellar mMorphologyies of micelles werewas observed under a Hitachi H600 transmission electron microscopy (TEM) system at an operated voltage of 75 kV. For TEM measurement, the sample was prepared by adding a drop of micelles solution onto the copper grid, and then the sample was air-dried and measured at room temperature. The preparation and characterization of PCB-SS-PCL-SS-PCB micelles (PCB micelles) were carried out followingby the same procedure used forof PCBSA micelles.
2.3 DOX loading and release
AThe stock solution of the hydrophobic drug DOX was firstly prepared by mixing DOX·HCl with TEA in dimethyl sulfoxide (DMSO) for 2 h. Subsequently, 2 mL DOX solution (1 mg/mL) was added into a bottle with 10 mg PCBSA-SS-PCL-SS-PCBSA. After stirringed overnight, PB (50 mM, pH 7.4) was added to the above solution at a rate of 1 drop every 6-7s until the formation of micelles. The solution was transferred into a dialysis bag (MWCO 3500) against PB for 48 h, and then filtered through a 0.45µμm filter to remove the unloaded DOX. DOX-loaded micelles were lyophilized and resolved in DMSO for determination of drug  loading content (DLC) and drug loading efficiency (DLE) by using a UV-Vis spectrophotometer (absorbance intensity at 485 nm). DLC and DLE were calculated usingfrom the following equations: 
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iIn vitro DOX release profiles of DOX from polymer micelles were investigated using a dialysis tube (MWCO 14000) at 37 °C against PB (50 mM) at pH 7.4 in the absence or presence of 10 Mm and 10 mM GSH. At regular time intervals, 3  mL of release media was taken out and replaced with an equal volume of fresh media. The amount of DOX released from the polymeric micelles was determined by UV-vis spectroscopy (Agilent Technologies). Thesee release experiments were conducted in triplicate, and. tThe results presented correspond toare the average data with standard deviations. 
2.4 Cell Viability Assays
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The cytotoxic effects of blank micelles, free DOX, and DOX-loaded micelles were determined with by using MTT assays. HepG2 cells were seeded into 96-well plates at 5000 cells/well and cultured for 24 h in 200 µμl DMEM containing 10% FBS. The culture medium was replaced with 200 µμl neutral medium (pH 7.4) and acidic medium (pH 6.5) containing the above formulations, respectively. After incubated for another 24 h, the medium was replaced with 200 µμl of fresh medium. MTT (20 µμl, 5 mg/ml in PBS) stock solution was then added to each well. After 4  h, unreacted dye was carefully removed, and the formazan crystals were dissolved toby 200 µμl/well DMSO. The plate was incubated for another 10  min before using absorbance at 570 nm to measure by an ELISA microplate reader (Bio-Rad). CThe cell viability (%) was calculated as: cell viability (%) = (ODsample/ODcontrol)∙100, where ODsample is the absorbance of the cells treated by polymers, and ODcontrol is the absorbance of the untreated cells. Each experiment was done in triplicate.
2.5 Cell Uptake Studies
HepG2 cells were seeded into 24-well plates at an initial density of 5∙104 cells/well with 1 mL DMEM containing 10% FBS and incubated at 37◦C for 24 h in 5% CO2, respectively. After reaching about 80% confluence, the medium wasere replaced with fresh medium (pH 7.4 or 6.5) containing DOX, DOX-loaded PCB micelles orand DOX-loaded PCBSA withat the DOX concentration of 5 g/mL, respectively. After the desired incubation time, the cells were washed three times with PBS and then observed by fluorescence microscope. Thereafter, the cells were detached with 0.25% trypsin and then resuspended with 500 µμl PBS (pH 7.4) for measurement with a flow cytometer (FC500, Beckman Coulter).
2.6 Blood Circulation and Biodistribution Studies
Adult SD rates (200 ± 20g) were randomly divided into three groups. DOX, DOX-loaded PCB micelles, or or DOX-loaded PCBSA micelles at an equivalent DOX dose of 4 mg/kg were injected via the tail vein, respectively. 0.5 mL of blood wereas collected from the orbit sinus at different time points after post-injection. The plasma was separated by centrifugationed (3500  rpm, 10  min), and then the supernatant was diluted inwith methanol containing 0.01 M HCl to precipitate proteins. After centrifuginged twice (12000  rpm, 5  min), the supernatant was collected and dried by vacuum drying. The residue was dissolved in 0.5  mL of acetonitrile and water (50:50, v/v) and filtered with an ultrafiltration membrane (220 nm) for HPLC analysis. 
	The nude mice bearing HepG2 tumor  model was used for biodistribution studies. When tumor size reached 50 mm3, the mice were randomly divided into four groups with five animals per group. Tumor-bearing mice were intravenously injected with 200 µμL of DOX, DOX-loaded PCB micelles, or DOX-loaded PCBSA micelles at an equivalent DOX dose of 4 mg/kg, respectively. After 12 h, the mice were sacrificed and their important organs (heart, liver, spleen, lung and kidney) and tumors were harvested, then washed with cold saline, dried by filter paper and weighed. Subsequently, the organs and tumors were homogenized and extracted with DMSO containing 0.01 M HCl. After centrifuginged and dryingied the organic phase, the corresponding DOX concentration was determined by HPLC analysis.
2.7 In vivo Antitumor Study
All animal experiments were conducted using protocols approved by the Ethics Committee of HAUST. For established xenografted human liver tumors, adult (10-12 weeks) male C57BL/6 mice received a subcutaneous inoculation with of 100 µμL mixture of 1×106 HepG2 cells and growth factor (1: 1) in the flank region. After tumor size reached 50 mm3, the mice were randomly divided into four groups with five animals per group. Mice were injected via the tail vein with 200 µμL PBS, DOX, DOX-loaded micelles, or DOX-loaded GAL-Micelles at an equivalent DOX dose of 4 mg/kg every two days, respectively. Mice tThe tumor size and the body weight of mice were measured before each injection. Tumor sizes were was measured using vernier calipers and calculated using the following formula: V = d2×D/2 (where d is width and D is length, respectively). TThe therapeutic efficacyiency of the treatment was evaluated by comparing the experimental group with control group.
3 Results and Discussion
3.1 Polymer synthesis and characterization
[bookmark: OLE_LINK12][bookmark: OLE_LINK11][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK64][bookmark: OLE_LINK66][bookmark: OLE_LINK60][bookmark: OLE_LINK61]The detailed synthesis route of PCBSA-SS-PCL-SS-PCBSA was representedis shown in Scheme 2. In this case, PCL-diol was first introduced the cystamine at the end groups [31]. After conjugationng with CPADB, a PCL macro-RAFT agent was prepared and used for for the copolymerization with a CBMA monomer to obtain PCB-SS-PCL-SS-PCB. The 1HNMR spectra of the above intermediate products arewere shown in Fig.1s. As possessing aDue to its reactive carboxylate anion, PCB has thean advantage over other common zwitterionic polymers, such as polyphosphobetaine and polysulfobetaine, for of being able to be further modifiedcation with amine-containing biomolecules via  a carbodiimide chemistry[32]. Here, we used benzene sulfonamide to modify PCB-SS-PCL-SS-PCB tofor PCBSA-SS-PCL-SS-PCBSA. Compared with PCB-SS-PCL-SS-PCB, the 1HNMR spectrum of PCBSA-SS-PCL-SS-PCBSA (Fig. 1A) presents the new characteristic peaks at o and p (Fig. 1A), which belongs corresponding to benzene sulfonamide [21], besides in addition to the peaks of those of PCL (at c, h, i and j) and the pendant group of PCB (at b, d, e and g). The modification rate wasis 92%, which was estimated by the integral area ratio of f and o. Finally, the molecular weight of PCBSA-SS-PCL-SS-PCBSA was calculated at was calculated as 7200, where thatand PCL and PCBSA was weighed 2000 and 5200, respectively. FT-IR spectra were also determinedconfirmed that the successful modification was successful. As shown in Fig. 1B, the peak at 2958 cm−1 belongs corresponds to the methylene in the repeated unit of PCL. The sharp peaks at 1726 cm−1 and 1151 cm−1 wereas attributed to the carbonyl and the vibration of C-N C-N in the quaternary ammonium of PCB[33]. After the modification, both COO- stretching vibration around 1400 cm−1 and deformation vibration around 2700 cm−1 of COO- was disappeared. The newly emerging peaks at around 1656 cm−1 belongcorresponds to the vibration of C=O in the tertiary amide[34]. The modification rate can beis adjustable by controlling the feed ratio of carboxylate and benzene sulfonamide., and PCBSA-SS-PCL-SS-PCBSA with approximately 9% and 33% of modification wasis also obtained and confirmed by 1HNMR spectra (Fig. 2s). 
[image: PCL-b-PCBSA-1]Scheme 2. Synthesis route of PCBSA-SS-PCL-SS-PCBSA. (i) CDI, anhydrous DCM, RT., 24 h; (ii) DMSO, pyridine, TEA, RT, 48 h; (iii) DCC, NHS, RT., 48 h; (iv) AIBN, THF, saturated salt water, 60 oC, 48 h; (v) EDC, NHS, RT., 24h. 
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[bookmark: OLE_LINK37][bookmark: OLE_LINK38]Fig 1. 1HNMR (A) and FT-IR (B) spectrum of PCB-SS-PCL-SS-PCB and PCBSA-SS-PCL-SS-PCBSA.
3.2 Characterization of polymeric micelles
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Polymeric micelles with PCL as a core and PCBSA as a shell (denoted as PCBSA micelles) wereas prepared by polymer the self-assembly  of polymer in aqueous solution. HThe hydrodynamic diameter distribution (Dh) of PCBSA micelles was measured by DLS (and shown in Fig. 2A). The average diameter of the PCBSA micelles wasis approximately 91(5) nm with a narrow size distribution. TEM observation (Fig. 2B) showeds a regular spherical morphology with a good dispersion. The mean diameter wasis approximately 70(2) nm. Protein resistance of PCB and PCBSA micelles was studied by size analysis after incubation inwith PB (pH 7.4) solution containing 50% FBS at 37oC. The size of PCBSA micelles shows a slight increase than that ofwere slightly larger than PCB-SS-PCL-SS-PCB (PCB) micelles (PCB micelles), indicating that the modification has little little effect on the self-assembling behavior inof both these zwitterionic block copolymers. No obvious size increase of both micelles was observed in either PCBSA or PCB micelles even if theafter 72 h of incubation time increases to 72 h (Fig. 1C). 
	Zwitterionic surfaces endowprovides polymeric micelles with high antifouling capabilitycapacity, suggesting athereby allowing their potential application as drug carriers in -vivo. 
[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK73][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK58][bookmark: OLE_LINK59]To assess the The measurement of zeta potential was used to evaluate the change of surface charge changes of the polymeric micelles, their zeta potential was measured  under different pH levels gradients (from 7.6~5.8). As shown in Fig. 1C,  the PCBSA micelles and PCB micelles present had slightly negative charge at physiological pH (7.4~7.2) due to their zwitterionic surface. The surface potential of PCBSA micelles started to turn switch into positively charged after the pH beyondbelow pH 7.0, with a sharp increase to 15mv zeta potential , and sharply increase to 15mv at pH 6.4. In contrast, PCB micelles remained negatively charged even if the pH decreased toat pH levels below 5.8. The charge reversal of PCBSA micelles suggests the polymer isa pH-responsive responsiveness of polymer. Being found theAs the pKa value of PCB is approximately 2.33 [35, 36], PCB this polymer wasis inert within theinvestigated pH range analyzed. After the modification of the carboxylate group in PCB, the generated imine group was covalently bonded with the strong electron-withdrawing benzenesulfonyl and carbonyl groups, possessing capability ofwhich can easilyy addition or remove of protons[37]. Under physiological pH (7.4~7.2) condition, the deprotonation of the imine group is results in negative charge against zwitterionic quaternary ammonium for zwitterionic nature. Protonated imine lostst the charge at slightly acidic microenvironments, resulting in theleading to an increase of the surface net charge. MThe micelles with 9% and 30% modification also present showed the similar charged changes trend, however, but they had lower potential value when comparcompared toable with PCBSA micelles. Moreover, after adjustment back towhen these positively charged micelles were at  physiological pH again, the surface potential returned to  of positive micelles recovers to slightlyslightly negatively charged charge (Fig. 1E). CThe charge interconversion inof PCBSA micelles are time independent and reversible due to the nature of the protonation/deprotonation reaction [21]. Positive micelles are able to recover theirable antifouling state upon ineffective internalization, which is significant critical to reduce adverse effects when they return to the bloodstream. As the PCBSA micelles With have a disulfide bond between the shell and core, rredox-responsiveness responsive property of PCBSA micelle was also investigated (in Fig. 1F). The micelles showedw increased Dh and broadened PDI in the a 10mM GSH solution containing 10mM GSH for 4 h and 12 h. MThe obvious micellar aggregation was likelyis caused by the cleavable disulfides and detached PCBSA shells.
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Fig 2. Hydrodynamic diameter distribution f(Dh) (A) and TEM image (B) of PCBSA micelles;  the relationship of size and time of PCB and PCBSA micelles in PB (50 mM, pH 7.4) containing 50 % FBS (C); the relationship between zeta potential of polymeric micelles and pH value (D). C The charged interconversion of zeta potential as PCBSA micelles in different pH cycles (E); Hydrodynamic diameter distribution f(Dh) of PCBSA micelles in PB (50 mM, pH 7.4) containing 10 mM GSH (F). (standard deviation, n=3). 
3.3 Characterization of DOX- loaded micelles
[bookmark: OLE_LINK74][bookmark: OLE_LINK75]Loading DOX was loaded into PCB and PCBSA micelles was prepared by using a coprecipitation approach. After lyophilizing and then dissolving the micelles in DMSO, drug-loading capacity was determined by UV-Vis spectrophotometryAfter lyophilized and resolved in DMSO, the drug-loading abilities of micelles were determined by UV-Vis spectrophotometer. The DLC and DLE wereare 21% and 62%, respectively. The size of DOX-loaded PCBSA micelles measured by DLS wasis 122 nm, with and remains a narrow PDI from between 60-150nm (Fig.3A). TEM imaging e also exhibits reveals the micelles are well distributed and a well dispersedhave a spherical shapee with a diameter of approximately 96 nm (inserted in Fig.3A). A sStable structure and uniform nanoscale size is favorite tofacilitate intracellular uptake and EPR effect in vivo[38]. In -vitro drug- release profiles from DOX-loaded PCBSA micelles wereas conducted in the absence of GSH and in the presence of 10 M or 10 mM GSH at 37︒C, to mimic the physiological or intracellular microenvironment (Fig. 3B). Less A 36% decrease in 36% DOX-release occurred at 10M GSH or  was released without GSH or in the presence of 10M GSH within 24h. In comparison However,, an accelerated release of DOX wasis observed in the presence ofat 10mM GSH, in whichwith approximately 67% DOX was being released within 24h. Thus, the nNanocarriers areare stable in physiological conditions (low GSH concentration), while triggers a rapid release of cargo is triggered in the tumor intracellular environment (high GSH concentration).; Tthise controlled drug- release behavior is due to the cleavage of disulfide bonds between shell and core, resulting in theresulting in shell shedding  from core and micelle aggregation. Indeed, drugs are rapidlyThe drugs is fast extruded extruded during the reassembly of deprotected micelles[39]. 
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[bookmark: _Hlk36049259]  Fig.3 (A) Hydrodynamic diameter distribution f(Dh) and TEM image (inserted) of DOX-loaded PCBSA micelles. In vitro release profiles of DOX loaded PCBSA micelles in the absence or presence of 10Mm and 10 mM GSH.
3.4 In vitro cytotoxicity and cell uptake
[bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK7][bookmark: OLE_LINK13]HepG2 cells were used to evaluate in -vitro cytotoxicity of empty micelles and drug- loaded micelles was evaluated in HepG2 cells withby MTT assays at pH 7.4 and pH 6.5. Both drug- free micelles exhibit high biocompatibility, even atif 100 mg/Lconcentrations up to 100 mg/L (Fig. 4A). Low cytotoxicity is derived from the biocompatible zwitterionic shell and PCL core. HepG2 cells were further incubated with free DOX, DOX-loaded PCB micelles, and DOX-loaded PCBSA micelles at pH 7.4 and pH 6.5 to assess, and their viability was assayed and showed in (Fig.4 B).  From Fig.4 B, IC50 (inhibitory concentration to produce 50% cell death) at pH 7.4 to HepG2 arewas 0.28 mg/L, 1.04 mg/L and 1.12, mg/L for above threethe above conditions formulations at pH 7.4, respectively. The nanocarriers showed a much lower cytotoxicity than that of free DOX, may duelikely due to to a less a reduction inefficient cell uptake efficiency caused by the zwitterionic shell [40, 41]. However, at pH 6.5 DOX-loaded PCBSA micelles showhads an enhanced IC50 at at pH 6.5, which is 0.66 mg/L, which is higher than the IC50 of free DOX, but still  and lower than that at the IC50 of DOX-loaded PCBSA at pH 7.4 and DOX-loaded PCB micelles at pH 6.5 and 7.4. These results suggest that pH-dependent cell cytotoxicity for DOX-loaded PCBSA micelles should be attributed to thehave significantly higher cellular uptake in acidic conditions. As confirmedexpected, the pH responsive charge reversal (Fig. 2D), PCBSA micelles are were able to turn convert their zwitterionic surface charge at (pH 7.4) into a positively charged surface at (pH 6.5 (Fig. 2D), which triggersthereby promoting high affinity tofor cancer cells via electrostatic interactions with the negatively charged cell membrane. FThe result was further determined by the observation of fluorescence microscopy and  the analysis of flow cytometry confirmed these results (. Fig. 4C). Indeed, fluorescent imaging reveals that DOX is present in was the fluorescence image of HepG2 cells treated with DOX-loaded PCBSA and DOX-loaded PCB micelles by above micellar formulations at pH 7.4 andor pH 6.5, . Red fluorescence of DOX is discernible in all samples, indicating an efficient drug release of DOX from polymeric micelles, induced by intracellular GSH responsiveness. Interestingly,  the image of cells treated by DOX-loaded PCBSA micelles at pH 6.5 showeds strongerthe stronger DOX fluorescence accumulation in HepG2 cells at pH 6.5 than at pH 7.4 and  than DOX-loaded PCB micelles and that in pH 7.4, which exhibit no significant difference ishow similar DOXn fluorescence intensity. FThe result of flow cytometry analyseis (Fig. 4D) also demonstrated aconfirmed these results and further demonstrated that pH-dependent endocytosis of PCBSA micelles is pH-dependentDOX mediated by PCBSA micelles, which is consistent with toxic investigation. 
	Based on above data,Together these data show that DOX-loaded PCBSA micelles possess have excellent antifouling property in physiological environments, but active cell uptake in theat tumor acidic microenvironment, and reductively redox-responsive intracellular release. Thus, e integrated multifunction in one nanocarrier suggest that DOX-loaded PCBSA micelles are multifunctional nanocarriers with be highly promisingstrong potential for in vivo clinical as efficient applications in vivo. 
[image: 细胞毒性][image: 载药毒性]

 [image: DOX荧光显微镜2] [image: 流失细胞仪]
Fig.4. Toxicity of PCB and PCBSA micelles (A) and free DOX, DOX-loaded PCB micelles and DOX-loaded micelles in HepG2 cells (B) at pH 7.4 and 6.5, where the cells were incubated for 12h. Data are presented as the average (standard deviation (n=3); Fluorescence images (C) and flow cytometry analysis (D) in HepG2 cells, after treatmented them with DOX-loaded PCB micelles and DOX-loaded micelles at pH 7.4 and 6.5 for 4 h.
3.5 Blood Circulation and Biodistribution
The uniform nanosize and high stability in serum of As confirmed a high stability in serum and uniform nanosize, DOX-loaded micelles should enhance theirmay acquire enhanced circulation time and efficient accumulation efficiency at tumor sites. To test this, the he pharmacokinetics and biodistribution of DOX-loaded micelles wereas further investigated in -vivo. Free DOX, DOX-loaded PCB-micelles, and DOX-loaded PCBSA micelles were intravenous administratedion intravenously inoton SD rats and then plasma , and then recorded DOX concentration s in plasma was recorded at different time points, respectively. As shown in Fig. 5A, micelle loading the significantly prolonged the circulation time of DOX is greatly prolonged by means of micelles. Specifically,,  approximately 12 % of the injected dose was detected in the blood after 12 h with the micelles, whereas . In contrast, free DOX shows a fast elimination was eliminated within 2 h. Long circulation time can beis attributed to the unique special core-shell structure and zwitterionic surface of the micelles, which is the helpfuland it can significantly increase  to the accumulation of drug loaded micellesthe nanocarries at the tumor site via EPR effect[8]. The biodistribution of DOX DOX content in important vital organs and tumors was further investigatedassessed in nude mice bearing tumor models of human liver cancer by injectinjected withed free DOX, DOX-loaded PCB micelles, and or DOX-loaded PCBSA-micelles into nude mice bearing tumor model of human liver cancer. Consistent with previous research [42], an increased accumulation of DOX in the tumor tissue and liver was detected in mice injected with DOX-loaded PCB micelles and DOX-loaded PCBSA-micelles, when compared to free DOX injection (Fig. 5B). These results suggest that As shown in Fig. 5B, both nanocarrier formulations represent a clearly enhanced accumulation of DOX in the tumor tissue and liver in comparison with free DOX, which were consisted with previous report [42]these polymeric micelles have a similar in vivo  that suggests the distribution characteristics of to that of small-size nanoparticles with small size in vivo. In addition, DOX-loaded PCBSA micelles exhibited approximately 2-fold higher DOX accumulation at tumor sites than DOX-loaded PCB micelles at tumor sites.  It is more likely that pH-dependent charge reversal of PCBSA micelles likely promotes the internalization by tumor cells and reducesd undesired elimination of the NPs nanocarriers by in a high interstitial fluid pressure in theof tumor microenvironment [43].
[image: PK-1][image: biotribution]
[bookmark: OLE_LINK72]Fig. 5. DOX concentrations in blood plasma at different time points in SD rats and biodistribution of DOX into nude mice bearing tumor models of human liver cancer 12h after respective injections of free DOX, DOX-loaded PCB micelles and DOX-loaded PCBSA micelles for 12h. Data are presented as the average (standard deviation, (n=3). 
3.6 In vivo antitumor efficiencyiency
[bookmark: OLE_LINK1]In vivo antitumor efficiency of DOX-loaded PCBSA was investigated by using in mice transplanted with tumor models of human liver cancer in mice. When the tumor sizes reached approximately 50 mm3, PBS, free DOX, DOX-loaded PCB micelles, orand DOX loaded PCBSA micelles wereas injected into tumor-bearing mice through the tail vein, respectively. TThe tumor volume and body weight of each group wereas measured and plotted as a function of time (Fig. 6A and B). As shown in Fig. 6A, tumor volume in  volume for mice treated with PBS grew increased rapidly. ContrastivelyIn contrast, tumor mice injected with free DOX, DOX-loaded PCB micelles, or DOX loaded PCBSA micelles three kinds of therapeutical formulation exhibited a slow tumor growth. Especially forNotably, DOX-loaded PCBSA micelles has showed the best strongest inhibition effect than when compared to free DOX and DOX-loaded PCB micelles. Moreover, The mice treated with either of theby nanocarriers formulations showed a slow increase their in body weight with age (Fig. 6B), suggesting a relative lower systemic toxicity than when compared with free DOX. Indeed, mice injected with free DOX, which exhibited obviousnoticeable weight loss after 88 days of intravenous injectionsafter injection. TThe tumor imaginges and prolonged the survival time of mice were shown in( Fig.  6C and D). The results also demonstrate that DOX-loaded PCBSA micelles improve DOX antitumor efficacy efficiency of DOX and decrease reduce its adverse effects. A reduction in nonspecific interactions with normal organs and prolonged circulation time Thus,result from the  excellent antifouling properties of these nanocarriers property provided byfrom the zwitterionic shells endows nanocarriers a reduced nonspecific interaction with normal organs and prolonged circulation time[44, 45], following by facilitated passive accumulation at tumor sites. Nanocarriers rapidly switch convert their zwitterionic surface into positive charges in response to the tumor acid microenvironment, resluting in anthereby  activatinged cellular uptake to carrier. After internalization of PCBSA micelles, reductive responsiveness from disulfide-linkers between shell and core acceleratesd the intracellular release of anticancer drugDOX, ultimately leading to . The series high-performance of DOX-loaded PCBSA micelles prompted effective inhibition of tumor growth, as well as slightwith mild adverse effects into normal tissues.
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Fig. 6. Tumor volume changes of tumor-bearing nude mice after treatment with PBS or free DOX, DOX-loaded PCB micelles and DOX-loaded PCBSA micelles at an equivalent daily dose of 4  mg/kg at each day (A); CThe changes inof mice body weights during the treatment (B); Photograph of excised solid tumors from each group on 21th dayday 21 after treatment (C); Survival rates of mice after treatment (D). Data are presented as the average (standard deviation, n (n=3).
4 Conclusions
In conclusion, aWe have successfully developed a polymeric micellar system with pHe and reductive dual responsiveness polymeric micelle system , was successfully developed based to on tumor extracellular and intracellular biochemical features. With its acylsulfonamide-based betaine structure, tThe polyzwitterionic shell, with an acylsulfonamide based betaine structure, exhibitedprovided the polymeric micelles with highly sensitive, instant and reversiable to switch surface chemistry  of polymeric micelle from zwitterionic to positive via a deprotonation/protonation process at tumor pHe. Moreover,  The one step of modification of conventional zwitterionic polymer, such as PCB, provides a simple and well-defined mechanism in selectively mediating nano-bio interactions between circulation and tumor sites. tThe dual-response micellear carriers revealed better better anticancer efficiencyect and lower reduced side effects in -vitro and in -vivo when compared to free drug or PCB micelleso via the competition studies to free drug and common zwitterionic micelles. Our results therefore show that one-step modification of conventional zwitterionic polymers such as PCB, is a simple and robust mechanism to selectively mediate nano-bio interactions between blood circulation and tumor sites. Thus, the Thus, constructdevelopment ofing intelligent NDDS NDDS via flexible design of zwitterionic nanoparticleNPs is a feasible and , our approach is valuable and feasible instrategy with excellent potential for clinical applications the application ofin cancer tumor treatment or bioimaging and treatment.
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