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Abstract: In order to improve the targeting of doxorubicin and prolong the action time of the drug, we 

synthesized a pH-responsive PEG-Schiff-DOX polymer prodrug loaded with nanoparticles. The 

nanoparticles were prepared by synthesis of PEG-CHO and condensation reaction of PEG-CHO and 

adriamycin. The release behavior of PEG-Schiff-DOX was tested at different pH. The morphology and 

particle size of these nanoparticles changed obviously after acid treatment(pH=5.0), and some of them 

had completely disintegrated. The narrowing of particle size distribution indicates that the 

heterogeneous nanoparticles disintegrate in the acidic environment of tumor cells, releasing the drug 

and finally achieving the maximum drug release at pH 5.0. The nanodrugs based on polymeric prodrug 

had advantages of simple preparation, high drug loading, good storage stability and achieve higher 

local drug concentration and longer drug action time under the condition of weak acid of tumor 

microenvironment to keep the curative effect and reduce the side effects. The advantages of offers 

choices for the development of new drugs and is expected to achieve good application in cancer 

therapy, has good prospects for development. 

Keywords: pH-responsive, Prodrug, Nanometer carrier, Targeted drugs 

1. Introduction 

In the past few decades, polymer nanomedicine has been extensively researched in cancer treatment. 

They have the potential to increase drug solubility and prolong the action time of drug as well as 

increase therapeutic effect and reduce toxic side effects. Comparing with small-molecule anti-cancer 

drugs, based on the EPR effect, nano-drugs can enhance its accumulation in tumor cells and also 

enhance penetration and retention [1,2]. These have the advantages of avoiding glomerular filtration, 

prolonging circulation time, and improving pharmacokinetic properties[3]. Among a variety of 

nano-drugs such as polymer nanoparticles, prodrugs, micelles, and vesicles, nanogels and 

prodrug-based nanoparticles can achieve higher local drug concentration and prolong the action time of 

drug due to their clear and simple structures [4]. The nanodrugs have great potential in cancer treatment 

and has attracted more and more attention. 

Adriamycin is a spectral antitumor antibiotic. Mainly suitable for acute leukemia, acute 

lymphoblastic leukemia and granulocytic leukemia are effective, often combined with other anticancer 

drugs. Adriamycin has strong cytotoxicity, the main toxic reactions are leukopenia and 

thrombocytopenia and cardiotoxicity. These shortcomings can be ameliorated by decreasing 

doxorubicin solubility, improving targeting, and increasing circulation time. Current drug delivery 

systems showing great promise include polymer drug carriers such as liposomes, hydrogels and 

nanoparticles. However, the preliminary development of liposome drug delivery system still has some 

deficiencies. It shows signs of leakage and is easily recognized. Also, it is removed from the circulatory 

system through the reticuloendothelial system (RES) [5,6].A limitation of Chi/DPO hydrogels is the 

platform from which adriamycin is released over a relatively short period of time [7]. 

These doxorubicin-coupled nanoparticles show selective delivery to tumors. This increases the 

safety range and reduces side effects [8]. Another advantage of using nanoparticles as drug delivery 

systems is that they can be easily manufactured and have the added benefit of low cytotoxicity and 
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biodegradability [9]. 

Adriamycin is one of the most commonly used anti-tumor chemotherapy drugs. However, the 

therapeutic dose and clinical efficacy of adriamycin in normal tissues were restricted and decreased by 

its toxic and side effects and low bioavailability. Therefore, the development of targeted nanoparticle 

carriers is the main task of DOX in the treatment of tumor cancer, and significant progress has been 

made [10-11]. DOX nanocarriers are reported to be more physically or chemically delivered in vivo to 

achieve better release. Although DOX liposomes have been clinically available, these nanocarriers still 

have some inherent disadvantages, such as low drug loading, early release and individual differences, 

as evaluated in clinical trials [12-15]. We speculate that these disadvantages are related to the structural 

properties of DOX molecule itself. This is challenging for clinical conversion of DOX nanocarriers. At 

this point, some chemical coupling methods were used to improve the DOX nanocarrier to achieve the 

effect of tumor treatment. DOX is combined with polymers to form polymer-DOX prodrugs such as 

Angiop-2 Modified and Doxorubicin loaded carbonnanodots (AN-PEG-DOX-CDS) [16], 

Glutathione-coated nanoparticles (NPs) [17], MUC1 Aptamer-functionalized nanosphere 

(DOX-apt-Sphere) [18], etc. For example, Chen and his colleagues found that DOX nanocarriers coated 

with LAPonite and modified with PEG-linked lactic acid (PEG-LA) could be used to target liver cancer 

cells. Lm-peg-la /DOX can not only release drugs stably for a long time, but also have pH 

responsiveness [19]. In addition, DOX exhibits significant toxicity when directly attached to a targeted 

target. For example, disrupting nucleic acid synthesis selectively eliminates the rapid division of cancer 

cells and is one of the most powerful ways to treat tumor cells. Obviously, many effective drugs fail to 

function as potential substrates for efflux [20]. However, doX-MPP ligating can inhibit DNA 

topoisomerase II [21-22] to achieve therapeutic effect. Peg-dox was studied in particular because 

polyethylene glycol (PEG) is one of the most widely used hydrophilic polymers approved by the FDA. 

PEG has negligible toxicity and low immunogenicity [23-24]. Peg-dox nanoparticles not only increase the 

residence time of drugs in vivo, but also achieve targeted movement through EPR effect [25]. The 

change of physical and chemical environment affects the controllable release of drugs, among which, 

one of the important factors is the change of pH value in tumor cell environment, which is a common 

adjustable factor of drug release in aqueous solution. 

In this study, we designed and prepared a amphiphilic polymer drug coupling (PEG-Schiff-DOX) 

via acid-sensitive Schiff base bonds, which can self-assemble into ph-responsive nanoparticles in 

solution. The drug release degree of DOX nanocarrier is closely related to environmental PH. At 

PH=5.0 and PH=7.4, the results showed that the bridge schiff base could maintain the structural and 

functional integrity at PH=7.4, but would decompose at PH=5.0. DOX precursor drugs and DOX 

carrying nanoparticles have significant effects on pH responsive drug release. 

 

Fig. 1. Schematic illustration of formation and delivery of the DOX-loaded micelles. 
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2. Materials and methods 

2.1 Materials  

P-carboxy benzaldehyde (98%, Energy Chemical), 4-dimethylaminopyridine (DMAP, Energy 

Chemical). Adriamycin hydrochloride was provided by Beijing 301 Hospital. Anhydrous N, 

N-dimethylformamide (DMF) and anhydrous dimethyl sulfoxide (DMSO) [26]were purchased  from 

Anergic Chemical. The experimental water is ultrapure water. Other chemical reagents used are 

purchased from Beijing Chemical Plant and used directly.  

2.2 Experimental instruments for characterization and testing 

Nuclear magnetic resonance hydrogen spectrum (1H NMR): Avance Hocky 400 (400 MHz) 

spectrometer. 

Deuterium reagents were deuterium chloroform (CDCl3), deuterium acetone (ACTone-D6) and 

deuterium dimethyl sulfoxide (DMSO-D6). TMS was the internal standard. The measurement was 

performed at 25 ℃. 

Dynamic Light Scattering (DLS) : Malvern Zetasizer Nano ZS Dynamic light scattering 

granulometer. Equipped with a 633 nm he-Ne laser, the detection Angle is 173°, and the particle size 

test sample pool is a quartz colorimeter. 

UV-visible Spectrum (UV-VIS) : Shimadzu TU1901 UV-visible spectrophotometer. 

Scanning electron microscope(SEM) 

2.3 Synthesis of pH responsive prodrugs 

The pH responsive prodrug was synthesized in two steps, as shown in the figure1 below. 

 

Fig. 2. Synthesis roadmap of PEG-Schiff-DOX 

2.3.1 Synthesis of PEG – CHO 

4-Carboxybenzaldehyde (150 mg, 1 mmol), EDCI (191.7 mg, 1 mmol) and DMAP (61 mg, 0.5 

mmol) were dissolved in ultra-dry DCM, then PEG-OH (375 mg, 0.5 mmol) was added under the 

protection of nitrogen. The whole system was stirred at 37℃ for 24 hours, and then washed with 1 M 

HCl, saturated NaHCO3 and saturated salt water for three times. The organic phase was collected and 

dried, filtered and steamed by anhydrous magnesium sulfate. Ended up with a 90% yield. 

2.3.2 Synthesis of PEG - Schiff – DOX 

PEG-CHO (100 mg, 110 μmol), deionized doxorubicin (DOX, 50 mg, 90 μmol) and TEA (70 μL, 

500 μmol) were dissolved overnight in 3 mL anhydrous DMF. After removing the solvent by rotary 

evaporation, it was dissolved with a large amount of DCM, extracted with saturated salt water for three 

times, and precipitated in cold ether. 

2.4 Preparation of nano-drugs 

Dissolve PEG-Schiff -DOX in water and stirred to obtain the nano drug solution. 
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2.5 pH-responsive degradation of the nanoparticles 

To investigate the pH-responsive degradation of the nanoparticles, nanoparticles were re-dispersed 

in PBS buffer solution with pH = 5.0 and a concentration of 0.5 mg/mL. After being in constant 

temperature water bath for 24 h, the particle size distribution was characterized by DLS [27-30]. 

3. Results and discussion 

3.1 Synthesis of PEG-Schiff DOX 

The 1H NMR spectrum of PEG-CHO is shown in Fig. 2. The analysis shows that the ratio of 

benzene ring hydrogen in the synthesized PEG-CHO corresponds to the methyl peak at the PEG end, 

which can be inferred as the successful synthesis of the synthesized PEG-CHO. 

 

Fig. 3. 1 H NMR spectra of PEG-CHO 

According to the 1H NMR spectrum of PEG-Schiff DOX (Fig. 3), the peak shapes of the molecular 

are chaotic and short. The methyl group at the end of PEG was used as the starting point of analysis, 

and the methyl peak is basically corresponding to the peak area of the main chain. In addition, it is 

believed that the peak in the low-field region came from the benzene ring and Schiff base bond for a 

total of 8 H. In particular, the appearance of the peak c at δ=8.1 PPM indicates the formation of the 

Schiff base bond, thus proving the successful preparation of PEG-Schiff DOX. 

 

Fig. 4. 1 H NMR spectra of PEG-Schiff-DOX 

3.2 Nano drug testing 

The most important part of pharmaceutical formulations is pH responsiveness. DLS was used to 
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determine the distribution of these nanoparticles to investigate their stability in vivo. The particle size 

changes of buffers with Ph=7.4 and Ph= 5.0 at medium 37 ℃ for 24 hours were shown in Figure 4 and 

figure 5. It can be seen from Figure 5 (A) that the size does not change significantly after 24 hours. It 

can be seen from Figure 5 (B) that the particle size of PEG-SchiFF-DOX drug-loaded nanoparticles 

varies significantly at pH=5.0, and some nanoparticles have completely disintegrated. The narrowing of 

particle size distribution indicates that heterogeneous nanoparticles disintegrate under the action of acid, 

releasing drugs. The large size is the degraded drug DOX aggregate, and the small size is the degraded 

PEG molecule size. The acid-resistant Schiff base bonding agent between DOX and PEG makes the 

nanoparticles vulnerable to decomposition under weak acid conditions. The pH responsive degradation 

behavior of PEG-SchiF-DOX drug-loaded nanoparticles at pH = 5.0 was monitored by DLS, and the 

results were shown in Figure 5. Small molecules and aggregates were detected after shaking for 24h 

with pH = 5.0, indicating the decomposition of the nanoparticles. Secondly, the large and small 

polymers and small molecules observed in TEM images (FIG.4), FIG.4 (A) is the morphology of 

pH=7.4, with relatively uniform size, and FIG.4 (B) is the morphology after immersion in pH5.0, 

which is fragmented, indicating that the structure has been degraded. This further confirms the 

responsive degradation of pH to nanoparticles. 

 

Fig. 5. Morphology of PEG-Schiff-DOX nanoparticles at pH = 7.4 and pH = 5.0 

 

Fig. 6. Particle size of PEG-Schiff-DOX nanoparticles at pH = 7.4 and pH = 5.0 

In pH-responsive prodrugs, DOX binds to PEG via schiff base bonds, and the ligand cleaves to 

release DOX under weakly acidic conditions in the tumor microenvironment.  The degradation 

components of PEG-Schiff-DOX were detected by uv spectrometer to confirm the original release of 

DOX.  The test results of drug loading in gel are more intuitive, as shown in FIG. 6. It can be seen that 

when pH=7.4, the maximum release rate is about 12%, and the drug-loaded nanoparticles almost 

release no drugs, and the release curve is almost horizontal. According to the content of free DOX in 

nanoparticles, it can be released by diffusion mechanism in neutral environment.  However, when 

pH=5.0, the release behavior was significantly enhanced and the release amount increased.  When pH 

= 5.0, the cumulative release rate of DOX was significantly increased, reaching 86%, respectively, 

indicating that almost all PEG-Schiff-DOX was released.  As mentioned earlier, the decomposition of 

nanoparticles in acidic environments is due to the cleavage of schiff base bonds.  In the early stages, 

DOX is released very quickly, leveling off after 40 minutes. 

These results indicate that PEG-SchiFF-DOX, a polymer precursor of pH-responsive doxorubicin, 

can be released in a neutral environment with little release to reduce drug leakage, and can be released 
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rapidly in acidic environment of tumor tissue to achieve rapid drug release In addition, 

PEG-SchiFF-DOX nanoparticles exhibit second-order drug release behavior, in which the encapsulated 

DOX is released quickly at an early stage to achieve higher drug concentrations that kill tumor cells, 

while the Schiff base bonded DOX is released over a longer period of time to improve potency, 

precision therapy, and therapeutic efficacy. 

 

Fig 7. In vitro release curves of PEG-SchIFF -DOX drug-loaded nanoparticles 

4. Conclusion 

PEG-SchIFF -DOX polymer prodrug loaded with ph-responsive doxorubicin was prepared and its 

release behavior at different pH was tested. Through the multistage release system, the drug can 

successfully prolong the action time and make a timely response to the acid environment, which has a 

certain development potential. The preparation of these drug-loaded nanoparticles has the following 

advantages :(1) regular and clear chemical structure and simple preparation method; (2) High drug load; 

(3) Good storage stability; (4) Under the neutral condition, there is little or no drug release, while under 

the weakly acidic condition of tumor microenvironment, DOX is released to maintain the therapeutic 

effect and reduce the toxic and side effects; (5) Secondary programmed drug release can achieve higher 

local drug concentration and longer drug action time. Therefore, these nanomedicines based on 

polymer prodrugs provide a choice for the development of new pharmaceutical agents and are expected 

to achieve good application in cancer treatment. 
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