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Abstract 

Achieving cellular internalization and endosomal escape remains a major challenge for many 

antitumor therapeutics, especially macromolecular drugs. Viral drug carriers have been 

reported for efficient intracellular delivery, but with limited choices of payloads. In this study, 

a novel polymeric nanoparticle (ADMAP) is developed, resembling the structure and functional 

features of a virus. ADMAP is synthesized by grafting endosomolytic poly(lauryl methacrylate-

co-methacrylic acid) on acetalated dextran. The endosomolytic polymer mimics the capsid 

protein for endosomal escape, and acetalated dextran resembles the viral core for 

accommodating payloads. After polymer synthesis, the subsequent controlled nanoprecipitation 

on a microfluidic device yields uniform nanoparticles with high encapsulation efficiency. At 

late endosomal pH (5.0), the ADMAP particles successfully destabilize endosomal membranes 

and release the drug payloads synergistically, resulting in a greater therapeutic efficacy 

compared with free anticancer drugs. Further conjugation of a tumor-penetrating peptide 

enhances the antitumor efficacy towards 3D spheroids, and finally leads to spheroid 

disintegration. The unique structure along with the synergistic endosomal escape and drug 

release make ADMAP nanoparticles favorable for the intracellular delivery of antitumor 

therapeutics. 
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1. Introduction 

Cytoplasmic delivery of therapeutics is critical for achieving satisfying efficacy.[1,2] The precise 

control over the drug release on a cellular level can maximize the available pharmacologically 

active molecule concentration.[3,4] However, most membrane-impermeable drugs, including 

oligonucleotides and proteins, rely on endocytosis for cellular internalization.[5–7] After 

endocytosis, the internalized payloads are typically entrapped in endosomes and finally 

processed to lysosomes where they may become degraded by enzymes.[8,9] Therefore, 

endosomal escape before lysosomal degradation is critical for successful delivery of these 

payloads. 

Viruses are nano-sized infectious particles, composed of compactly packaged genomes 

surrounded by protective capsid protein assemblies.[10] The capsid proteins not only protect the 

inner genome from exogenous degradation, but also undergo conformational changes and 

become endosomolytic once activated by acidic endosomal environments.[11,12] This enables 

the viruses to escape endosomes within minutes and be released into cytoplasm, followed by 

nuclear transport.[13,14] Because of the naturally evolved, elaborate and hierarchical structure, 

viruses can efficiently infect cells and replicate their genomes within host cells. 

Inspired by the hierarchical structure of viruses, there are some artificial virus-mimicking 

particles developed for intracellular delivery of drugs, genes and proteins, such as self-

assembled capsid proteins, modifying capsid proteins on nanoparticles (NPs) and multi-

component polymeric assemblies.[15–19] Whatever the components of the virus-mimicking 

particles, the key requirements for fulfilling the functions include biocompatibility, cell 

binding/internalization and endosomal escape.[20]  

Compared with viral protein derived delivery systems, polymeric intracellular delivery 

materials are more versatile, capable of incorporating different payloads and ease to modify 

with target moieties.[21,22] A common approach is to use cationic polymers, such as 

polyethylenimine (PEI) and polyamidoamine (PAMAM), with buffering capacity and 
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subsequent osmotic swelling of endosomes, to induce ‘proton-sponge’ effects.[23] Along with 

membrane destabilization by these positively charged polymers, endosome can burst and 

release its contents.[24] Despite the high efficiency, these polymers also have high cytotoxicity 

profile, because of the non-specific binding to cell membranes and possible cellular apoptosis 

triggered by complete endosomal rupture.[25] Other polymers induced endosomal escape by 

membrane fusion or pore formation, which are considered as less cytotoxic compared with 

endosome rupture.[26] With temporarily or permanently enhanced membrane permeability, 

payloads can be released from endosomes without significant leakage of endosomal contents. 

For example, Hoffman et al. and Leroux et al. reported poly(acrylic acid) derivatives with short 

hydrophobic pendant groups, which destabilized lipid membranes at endosomal pH, but not 

physiological pH for gene and protein delivery.[27–33] Recent modifications of these poly(acrylic 

acid) derivatives led to endosomolytic polymersomes capable of antigens and 

immunostimulators to enhance cancer immunotherapy.[34,35] Chen et al. also did systematical 

studies about anionic pseudopeptides derivatives with hydrophobic amino acids or different 

structures for intracellular drug delivery.[36–38] 

Herein we report a virus-mimicking pH-responsive endosomolytic polymer-based NP, namely 

poly(lauryl methacrylate-co-methacrylic acid) grafted acetalated dextran (ADMAP, which 

stands for acetalated dextran (AcDX)-based membrane-active polymer). We chose acetalated 

dextran mimicking the virus-like core composed of compactly packed genome. AcDX can 

accommodate various drug payloads, ranging from hydrophobic antitumor drug (paclitaxel) to 

antigen proteins (ovalbumin), with advantageous loading efficiency.[39,40] Moreover, the acetal 

group is susceptible to hydrolysis at acidic pH, which can trigger drug release.[41] The 

poly(lauryl methacrylate-co-methacrylic acid) grafts mimic capsid proteins on the viral surface 

and enable endosomal escape at acidic pH. Compared with reported virus-mimicking particles, 

the ADMAP NPs designed here do not contain biosynthesized viral components, which require 

delicate purification and may have immunogenicity and safety concerns.[15,42] Moreover, the 
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anionic pH-dependent endosomolytic polymer grafts remain non-lytic to cell membranes at 

physiological pH, thus minimizing the non-specific binding to cell membranes and potential 

cytotoxicity.[25,26] Although the nanoparticle does not have the function of replication and 

tropism as real viruses, the hierarchical structure, cell internalization and endosomal excape, 

controlled drug devliery, and the subsequent induction of cancer cell apopotosis make it  

resemble a non-enveloped oncolytic virus. 

We have developed a simple method for preparing ADMAP polymer by conjugating a 

reversible addition-fragmentation chain transfer (RAFT) agent on AcDX, following by a 

controlled polymerization of lauryl methacrylate and methacrylic acid. After polymer synthesis, 

uniform ADMAP NPs were fabricated by nanoprecipitation on a microfluidic device with 

antitumor therapeutics encapsulated. The biocompatibility and endosomal escape properties of 

ADMAP NPs was evaluated using three colon cancer cell lines. Finally, the pH-dependent 

drug-loading and release behavior was quantified in vitro, and the cytotoxicity of drug-loaded 

ADMAP NPs were studies on both 2D cultured cells and on 3D tumor spheroids, after the 

conjugation of a tumor-penetrating peptide (TT1). 

 

2. Results and discussions 

2.1. Membrane-active polymer optimization 

According to literature, once the endosomes gradually become acidic, viral capsid proteins 

undergo conformational changes and form hydrophobic domains for membrane insertion and 

finally allow the endosomal escape.[11,14] To achieve similar properties, polymeric mimics 

should incorporate hydrophobic moieties to hydrophilic polymer backbones, such as 

poly(acrylic acid) derivatives with short alkyl pendant groups,[27–30,43,44] and anionic 

pseudopeptide derivatives with hydrophobic alkyl anchors.[38] However, there is no 

systematical investigation about the effects of alkyl length and grafting degree on membrane 

permeability. Therefore, we first designed two series of polymers by copolymerization of 
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methacrylic acid (MAA) and hydrophobic methacrylate monomers with different alkyl chain 

lengths at different ratios. We chose butyl methacrylate (BMA, 4 carbons), lauryl methacrylate 

(LMA, 12 carbons) and stearyl methacrylate (SMA, 19 carbons) as methacrylate representatives 

with short, middle and long carbon chains to investigate the effects of hydrophobic chain length, 

while keeping the ratio of MAA and methacrylate the same (140:10). The other series include 

the copolymerization of MAA and LMA at different ratios (140:0, 140:10 and 140:40). As 

shown in Figure 1a, polymerization was performed at 70 °C with the presence of a reversible 

addition-fragmentation chain transfer (RAFT) agent. The RAFT agent was chosen due to its 

capability of controlling living radical polymerization and good tolerance towards acidic 

monomers like MAA. After polymerization, the polymers were characterized by nuclear 

magnetic resonance (NMR) spectroscopy. Figure 1b shows an identical 1H-NMR of the 

polymer product (LMA10). The peaks from 7.4 to 7.9 ppm (zoomed in in Figure 1b) were 

attributed to the 5 protons on the benzyl ring of RAFT agent, whose areas were normalized as 

5. The integration of the MAA peak (12.4 ppm, –COOH group) and the LMA peak (3.8 ppm, 

–CH2 adjacent to the ester bond) was used for calculation of the real MAA and LMA 

incorporated in the final polymer. The results of other polymers (BMA10, SMA10, LMA0 and 

LMA40) were calculated in the same way and summarized in Table S1. For all polymers, the 

experimental degree of polymerization (DP) was almost the same as the DP designed, which 

suggested near quantitative conversion. 

The interaction between polymers synthesized above and plasma membrane was evaluated by 

hemolysis assay, which is a well-established methodology for membrane interaction 

study.[37,45,46] If polymers cause significant defects in the membrane of red blood cells (RBC), 

hemoglobin is released from cells and diffuses into buffer. For screening less toxic 

endosomolytic materials, it is preferable to have hemolysis only at acidic endosomal pH, but 

not at physiological pH, in order to induce endosomal escape, but still remain inert to cell 

membranes in physiological conditions.  
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As shown in Figure 1c, we screened all the membrane-active polymers synthesized above over 

a broad pH range (4.57.4), which represents the gradually acidifying environment during 

endocytosis. Both LMA10 and SMA10 displayed significant hemolytic activity at pH 5.0 (late 

endosomal pH), but negligible hemolysis at pH 7.4 (physiological pH). This is due to the pH-

dependent protonation of the polymers. At pH 7.4, the MAA residues are deprotonated, and 

thus, negatively charged. The negative charge and the hydrophilicity of the polymers hindered 

their interaction with cell membranes due to electronic repulsion. Once acidified at pH 5.0, the 

MAA residues became partially protonated, and thus, more hydrophobic. The increased 

hydrophobicity enhanced the interaction with RBC membranes, which caused significant 

hemolysis. As for BMA10, the optimal hemolysis pH is 4.5 instead of 5.0. Such low pH (similar 

to lysosomal pH) may lead to lysosomal degradation of payloads before the cytosolic release.  

The hemolytic ability of BMA10, LMA10 and SMA10 at late endosomal pH (5.0) and 

physiological pH (7.4) was evaluated as a function of polymer concentration. As shown in 

Figure 1d, LMA10 showed superior hemolytic activity at pH 5.0 than the other two polymers 

at lower concentration ranges. Even at 10 g mL-1 (0.67 M), the hemolysis reached almost 

80%, which is as efficient as a natural cell penetrating peptide melittin.[47,48] Further increase in 

the concentration led to a decrease in hemolysis, probably due to the self-aggregation of 

polymers at higher concentrations. This means the available free polymer for destabilizing cell 

membranes decreased despite the higher overall concentration. A preliminary study of the 

critical micelle concentration (CMC) of LMA10 by dynamic light scattering (DLS) showed that 

polymer started to form micelle when the concentration was higher than 216 g mL-1. This 

correlated well with the decrease in hemolysis from 100 to 1000 g mL-1 (Figure S1).  

The effects of LMA grafting density on hemolytic activity were also assessed on a pH-

dependent and concentration-dependent manner (Figures 1e and 1f). Without hydrophobic 

LMA moieties, PMAA displayed only a moderate hemolysis at pH 4.5, similar to BMA10. Both 
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LMA10 and LMA40 showed the highest hemolysis at pH 5.0, but LMA10 was more hemolytic 

at lower concentrations. Thus, we decided to choose LMA10 as the optimal structure for pH-

responsive membrane-permeation and use it for the further studies.  

 

Figure 1. (a) The synthetic scheme of alkyl-grafted poly(methacrylic acid) by RAFT 

polymerization. (b) The 1H-NMR spectrum of LMA10. The peaks from 7.0 to 8.2 ppm in the 

enlarged image are designated to the RAFT agent. (c) The pH-dependent relative hemolysis of 

human RBCs in the presence of BMA10, LMA10 and SMA10 polymers at 100 g mL-1. (d) 

The concentration-dependent relative hemolysis at pH 5.0 in the presence of BMA10, LMA10 

and SMA10 polymers. (e) The pH-dependent relative hemolysis of human RBCs in the 

presence of LMA0, LMA10 and LMA40 polymers at 100 g mL-1. (f) The concentration-

dependent relative hemolysis at pH 5.0 in the presence of LMA0, LMA10 and LMA40 

polymers. (c-f) The results were normalized by positive controls (the hemolysis of RBCs treated 

by H2O). Data are presented as the mean ± s.d. (n = 3). 

2.2. ADMAP polymer synthesis and characterization 
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ADMAP polymer was synthesized from dextran, an FDA approved polysaccharide. As shown 

in Figure 2a, dextran first reacted with 2-methoxypropene to form AcDX, and then modified 

by the RAFT agent, to conjugate LMA10 via a “grafting from” process. The acetalation of 

dextran switched the solubility from water soluble to organic solvent soluble, thus facilitating 

the loading of hydrophobic drugs. In addition, the attached acetal groups are susceptible to 

hydrolysis in an acidic environment, which allows the drug release and escape from endosomes 

by LMA10. 

The synthesis and structure of ADMAP was confirmed by NMR spectra shown in Figure 2b. 

The representative peaks from AcDX, RAFT agent and polymerized MAA and LMA, were all 

presented. The peaks from 4.6 to 5.6 ppm were attributed to the anomeric proton of AcDX, 

while the small peaks from 7.5 to 8.0 ppm were attributed to the benzyl ring of RAFT agent. 

The characteristic peaks at 12.4 ppm (–COOH from MAA), 3.8 ppm (–CH2 from LMA, 

partially overlapping with the glucose ring protons from AcDX) and 0.8-2 ppm (–CH3 and –

CH2 from MAA and LMA, partially overlapping with the –CH3 from AcDX) suggested the 

successful grafting of MAA and LMA. The NMR spectra of intermediates and their peak 

assignations are shown in Figure S2S4. 

Fourier Transform infrared spectroscopy (FTIR) was also used to confirm the structure of 

ADMAP (Figure 2c). After acetalation, the strong broad band from 3000 to 3600 cm-1 (O–H 

stretch from dextran glucose unit) significantly reduced, while a new band from 2850 to 3050 

cm-1 (C–H stretch from acetal groups) appeared. After the grafting of MAA and LMA, the 

strong carbonyl characteristic band (1680 to 1760 cm-1) in ADMAP spectrum indicated the 

successful polymerization.  
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Figure 2. (a) The synthetic scheme of ADMAP. (b) The 1H-NMR spectrum of ADMAP with 

proton designations. # Represents the peak of NMR solvent DMSO-d6. * Represents the peak 

of residual water. (c) The FTIR spectra of Dextran, AcDX and ADMAP. 

 

2.3. ADMAP NP preparation, characterization and endosomal escape capability test 

The ADMAP NPs were prepared by nanoprecipitation on a glass-capillary microfluidic device 

(Figure 3a). ADMAP polymer was dissolved in ethanol as inner fluid, while the antisolvent 

(H2O, pH 7.4 in this case) was used as outer fluid. As the polymer solution rapidly mixed with 

outer fluid, the supersaturation initiated the nanoprecipitation. DLS results (Figure S5) showed 

that ADMAP has a size and polydipersity index (PDI) of 231 nm and 0.16, respectively. 

Transmission electron microscope (TEM) images (Figures 3b and 3c) further confirms the size 

and the uniformity of ADMAP particles. Most particles were spherical with diameter of ca. 200 

nm, which correlates well with the DLS results. 

To investigate whether ADMAP NPs maintained the pH-dependent membrane-lytic activity, 

we repeated the hemolysis assay as a function of pH and NP concentration. As shown in Figure 
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3d, the pH-dependent hemolysis was identical compared with LMA10, which demonstrates the 

highest hemolytic activity at pH 5.0, but negligible hemolysis at pH 7.4. The concentration-

dependent hemolysis (Figure 3e) was slightly different from LMA10. When the concentration 

was lower than 50 g mL-1, the hemolysis was less than 20%, less hemolytic than free LMA10. 

This may be attributed to the lower mass percentage of membrane-active polymer grafts within 

the final ADMAP formulation. However, when the concentration reached 50 g mL-1 and 

beyond, the hemolysis increased to 68–78%, which was comparable to free LMA10. Unlike 

free LMA10, the membrane active polymer grafts on the surface of ADMAP NPs cannot form 

micelles. Therefore, the decreased hemolysis at higher concentrations was not observed on 

ADMAP NPs. 

After the verification of pH-dependent membrane-lytic activity on RBCs, ADMAP NPs were 

applied on mammalian cells, to investigate their endosomal escape. The NPs were incubated 

with CT26 colon carcinoma cells for 1 h, along with a membrane-impermeable dye calcein, 

which is taken-up by endocytosis. After the 1 h incubation, free NPs and calcein were removed 

by washing and the cells were incubated for additional 3 h. Without endosomal escape reagents, 

calcein would be entrapped in endosomes/lysosomes. The confocal images of cells incubated 

with calcein only are shown in Figure 3f. The green channel (calcein) showed bright spotty 

fluorescence which co-localized with lysotracker in the red channel. Following incubation with 

ADMAP NPs, however, most cells showed evenly distributed green fluorescence (Figures 3h 

and 3i) within cells, which means calcein escaped from endosomes/lysosomes and diffused into 

cytoplasm. This means ADMAP NPs destabilized the membrane of endosomes upon 

acidification, which facilitated the release of calcein. In contrast, cells incubated with calcein 

and AcDX NPs (Figure 3g) showed spotty green fluorescence similar to control group, which 

confirmed that the endosomal escape is due to the pH-dependent membrane-lytic moieties of 

ADMAP, and not to the AcDX part. The endosomal escape capability of ADMAP was further 

tested on two other colon carcinoma cell lines, HT-29 and Caco-2, using the same calcein assay, 
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as described above. Similar diffused green staining was observed on both cell lines (Figure S6), 

which proved the universal endosomal escape capability of ADMAP NPs. 

 

Figure 3. (a) The schematic illustration of ADMAP NP preparation on a glass-capillary 

microfluidic device. (b) and (c) TEM images of ADMAP NPs. Scale bares are (b) 2 m and (c) 

200 nm. (d, e) The pH- and concentration-dependent relative hemolysis of ADMAP NPs. The 

results were normalized by the positive controls (the hemolysis of RBCs treated by H2O). Data 

are presented as the mean ± s.d. (n = 3). (f–h) The confocal microscopy images of CT-26 cells, 

showing the intracellular translocation of calcein. The cells were treated with (f) calcein only 
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(0.2 mg mL-1), (g) calcein with AcDX nanoparticles (50 g mL-1) and (h) calcein with AMDAP 

(50 g mL-1) for 1 h. The images were acquired at 3 h after the 1 h incubation with the particles 

and calcein. Scale bars = 50 m. (i) Zoomed-in confocal images of ADMAP NP treated CT-26 

cells show the calcein release from endosomes. Scale bar = 10 m. (j) Flow cytometry results 

of ADMAP NPs uptake and the inhibition of uptake by low temperature, sodium azide and 

ammonium chloride. Data are presented as the mean ± s.d. (n = 3). 

To further investigate the particle uptake and the endosomal escape mechanism, we used several 

endocytosis inhibitors, including low temperature (4 °C), sodium azide, and ammonium 

chloride. The ADMAP NPs were labelled with Alexa-633, and incubated with cells pre-treated 

with different inhibitors for 1 h. The flow cytometry results shown in Figure 3j indicate that 

the treatment with low temperature (4 °C) and sodium azide (an ATPase inhibitor)[49,50] 

significantly reduced the ADMAP uptake by 61%, which means the particle uptake was mainly 

energy-dependent. Notably, the endosomal acidification inhibitor ammonium chloride[51] also 

inhibited 57% of uptake, comparable to energy-depletion inhibitors. This suggests that the 

acidic endosomal environment is critical for ADMAP NP uptake. Without endosomal 

acidification, the ADMAP lost the endosomolytic capability. In this case, ADMAP cannot 

translocate into cytoplasm, and finally get exocytosed.   

 

2.4. ADMAP NP drug loading, release and in vitro therapeutic efficacy  

The drug loading of ADMAP NP was performed on the same microfluidic nanoprecipitation 

platform shown in Figure 3a. Asiatic acid (AA), a pentacyclic triterpenoid, abundantly found 

in Centella asiatica, has anticancer effects on various types of malignant cells, such as colon 

(SW480 and HT-29), lung (A549), liver (HepG2) and ovarian (SKOV3 and OVCAR-3) cancer 

cells.[52,53] It had also been used as a starting material for the development of new semi-synthetic 

anticancer derivatives, which possess an anticancer activity against multiple cancer cell lines as 
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reported in the previous literatures.[54] In addition, AA was found to be a promising natural 

chemosensitizer for increasing the sensitivity of multidrug-resistant cancer cells (A549/DDP 

lung cancer cells).[55] Further studies found that the anticancer mechanism of AA is related to 

the inhibition of phosphoinositide-3-kinase (PI3K)/protein kinase B(AKT)/mTOR signaling 

pathway, which regulates the proliferation, migration and apoptosis in colorectal carcinoma 

cells. [52] The inhibition of such signaling pathways requires the intracellular delivery of AA to 

cytoplasm and mitochondria. Because of these attractive anticancer profiles and the mechanism, 

we chose AA as a model drug payload in this study. The encapsulation efficiency and loading 

degree were 80.7 ± 5.5 % (w/w) and 3.9 ± 0.3% (w/w), respectively. After loading the size of 

the particles showed a slight increase to 268 nm, but the PDI remained low (0.15, size 

distribution histogram shown in Figure S5). TEM images shown in Figures 4a and 4b 

indicated that the drug loaded particles (AA@ADMAP) were uniform. 

To investigate the pH-responsive properties of the ADMAP, the release profiles of the drug 

were studied at pH 5.0 and pH 7.4, mimicking the intracellular (late endosomal pH) and 

extracellular conditions, respectively. As shown in Figures 4c and 4d, free AA showed burst 

release at both pH conditions. At pH 7.4 almost 50% of the free AA was released in 15 min and 

complete drug release was observed at 24 h. In contrast, the release of AA@ADMAP exhibited 

only a slight release (ca. 20%) at pH 7.4, which means the polymer matrix can protect the 

release of the payload in the physiological pH over 24 h. At pH 5.0, AA@ADMAP achieved 

almost 50% release after 2 h, and finally reached similar amount of release (86%) after 24 h 

compared with free AA. Overall, the results from the drug release study demonstrate the pH-

responsive properties of ADMAP carrier, which can be degradable and release of the drug in 

acidic conditions. 

To evaluate the cytotoxicity of ADMAP NPs, CT-26 cells were exposed to the different 

concentrations of the ADMAP NPs, ranging from 50 to 1000 µg mL-1 for 6 and 24 h, and the 

cell viability was assessed by CellTiter-Glo® luminescence assay. As shown in Figure 4e, the 
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percentage of viable cells are over 90% within the entire concentration range for both time 

points, suggesting that these ADMAP particles were non-cytotoxic. The cytotoxicity on another 

two human colorectal cancer cell lines (HT-29 and Caco-2) also suggested that ADMAP NPs 

have negligible cytotoxicity even at a concentration as high as 1000 µg mL-1 (Figure S7). 

Then, we used drug-loaded ADMAP particles to investigate their anticancer activity in CT-26 

tumor cells (Figures 4f and 4g). Compared with free AA, AA@ADMAP showed better 

therapeutic efficacy at the same concentration. After 6 h incubation, the AA@ADMAP at the 

concentration of 12.5 µg mL-1 showed a decrease in cell viability. Higher efficacy was observed 

after 24 h of incubation. At 25 µg mL-1 of the drug, the AA@ADMAP can greatly reduce the 

cell viability of the CT-26 tumor cells to 40% compared with the free drug-treated group, which 

did not exhibit the cytotoxicity effect. With higher concentration of the drug (50 µg mL-1), the 

cell viability further reduced to 20% in AA@ADMAP, while the cell viability in the free AA-

treated group was about three times (60%) higher. The improved anticancer potency of 

AA@ADMAP was due to the synergistic effect of successful endosomal escape and pH-

triggered drug release. 
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Figure 4. (a, b) TEM images of AA@ADMAP NPs. Scale bars are (a) 2 m and (b) 200 nm. 

(c, d) The cumulative release of free AA or AA-encapsulated in ADMAP at pH 5.0 and pH 7.4 

buffers. Data are presented as the mean ± s.d. (n = 3). (e) The cytotoxicity of ADMAP on CT-

26 cells after 6 h and 24 h incubation. (f, g) The therapeutic efficacy of free AA in 1% 

Poloxamer 407 (P407) and AA@ADMAP on CT-26 cells after 6 h and 24 h incubation. (e-g) 

The results were normalized to the untreated controls. Data are presented as the mean ± s.d. (n 

= 5). *P < 0.05, **P < 0.01, and ***P < 0.001. 

 

 

2.5. Linear TT1 conjugated ADMAP NP for 3D tumor spheroid penetration and 

treatment 

Since AA@ADMAP NPs showed advantageous therapeutic efficacy on 2D tumor cells, we 

decided to further test them on a 3D tumor spheroid model, which better mimics the in vivo 

solid tumor conditions.[56–58] Tumor penetrating linear TT1 peptide (sequence: AKRGARSTA) 

targets an aberrantly expressed receptor (p32) on the surface of CT-26 colon carcinoma 

cells.[59,60] After binding with p32, the TT1 peptide is proteolytically cleaved, C-terminally 

exposing the RGAR C-end Rule (CendR) motif, capable of binding tissue penetration receptor 

NRP-1.[61–63] The NRP-1 binding activates the subsequent transcytosis pathway, which 

facilitates the particle transportation inside tumor spheroids.[60]  

TT1 was conjugated onto the ADMAP NPs via a two-step reaction, as shown in Figure 5a. 

First, the ADMAP or AA@ADMAP was conjugated with a crosslinker molecule 3-(2-

pyridyldithio)propionyl hydrazide (PDPH) via a 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) coupling reaction. Next, a fluorescent label (Alexa-

633 hydrazide) was conjugated using the same EDC chemistry. The PDPH-conjugated 

ADMAP was incubated with fluorescein-labeled cysteine-modified TT1 peptide, to allow for 
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the reduction of 2-pyridyldithio group on PDPH. The final TT1 conjugated ADMAP (ADMAP-

TT1) was characterized by DLS and TEM (Figure 5b). DLS results showed an average size of 

317 nm and PDI of 0.2 (Figure S5).  

The ADMAP-TT1 particles were first incubated with 2D CT-26 cells to verify their cellular 

uptake. After 1 h treatment at 50 g mL-1, the flow cytometry showed significant cellular uptake 

(Figure S8). Then ADMAP and ADMAP-TT1 particles were incubated with CT-26 spheroids 

for 1 h and 3 h, respectively, to follow the penetration. The spheroids were fixed, stained by 

DAPI, and imaged by confocal microscopy directly using z-stacking. As shown in Figure S9, 

both ADMAP and ADMAP-TT1 particles were found attached to the spheroid surface after 1 

h incubation. Over time, the ADMAP-TT1 particles showed increased spheroid binding and 

penetration, and the green fluorescence from TT1 peptides colocalized well with the red 

fluorescence from ADMAP particles, suggesting that the peptide remained bound to the 

particles.  

In order to study the penetration of the NPs into the spheroids, we next analysed the cryosections 

of the spheroids. As shown in Figures 5c5g, the spheroids (ca. 500 m in diameter) appeared 

compact and solid, with uniform blue staining of cell nuclei by DAPI. Similar to the 3D-

projection images shown in Figure S9, both ADMAP and ADMAP-TT1 showed strong 

fluorescence on the surface of spheroids after 1 h incubation. With increasing incubation time, 

the ADMAP-TT1 particles showed more intense fluorescence inside the spheroid, whereas 

ADMAP without TT1 remained confined on the spheroid surface (Figures 5f and 5g). In the 

enlarged image of ADMAP-TT1 after 3 h treatment (Figure 5h), there was red color within 

tumor spheroids at a depth of more than 10 layers of cells, which demonstrates the deep 

penetration of the NPs inside the 3D-spheroid. Notably, the green color in Figures 5g and 5h 

only appeared on the surface of the spheroid, which suggests that only the surface cells were 

associated with TT1. Therefore, we deduced that TT1 peptide was cleaved from ADMAP-TT1  
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NPs after interaction with the surface cells, while ADMAP managed to penetrate inside the 

spheroids.  

The fluorescence of ADMAP and AMDAP-TT1 NPs were also quantified by flow cytometry 

after dissociating the spheroids using trypsin. As shown in Figures 5i and 5j, ADMAP-TT1 

showed higher positive events number and mean fluorescence intensity than ADMAP. The 

positive events percentage of ADMAP-TT1 almost doubled after 3 h incubation. Despite the 

ca. 64.0% positive events of AMDAP (analyzed by the Alexa-633 channel) after 3 h incubation, 

the positive events of TT1 (analyzed by the fluorescein channel) was only 9.7%, indicating that 

the some TT1 peptides got cleaved from the NP during transcytosis and penetration which is 

consistent with confocal results shown above. After cleavage, the CendR fragment binds to 

NRP-1 and it triggers the penetration, not only of the peptide attached to the NP, but also the 

NPs that are near the CendR peptide, even if they are not attached to the peptide.[61] This so-

called ‘by-stander’ effect enables the transcytosis of ADMAP-TT1 NPs no matter the peptide 

is cleaved or not, which may explain such significant tumor penetration.  
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Figure 5. (a) The scheme of ADMAP-TT1 conjugation. The ADMAP particles were first 

activated EDC/NHS, followed by PDPH and Alexa-633 labelling. The ADMAP-PDPH 

particles were further incubated with cysteine-terminated, fluorescein-labelled TT1 peptides. 

(b) TEM images of ADMAP-TT1 NPs. Scale bar = 500 nm. (c–g) The confocal microscopy 

images of CT-26 spheroid cryosections. The spheroid was treated without particles (c), with 

ADMAP NPs (d) and (f), or with ADMAP-TT1 NPs (e) and (g) at 50 g mL-1. The treatment 

lasted for 1 h in (d) and (e), and 3 h in (f) and (g). Scale bars = 200 m. (h) The zoomed-in 
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confocal image of 3 h ADMAP-TT1 treated spheroid cryosections. The white arrows show the 

ADMAP-TT1 NPs penetrated inside the spheroid. Scale bar = 50 m. (i, j) The flow cytometry 

results of spheroids treated with or without different particles for 1 h and 3 h. Orange bars 

represent the positive event percentage and green bars represent the mean fluorescence intensity. 

Data are presented as the mean ± s.d. (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001. 

 

Based on the significant cell uptake and spheroid penetration, we proceeded with 

AA@ADMAP-TT1 NPs and characterized their antitumor efficacy on the 3D-spheroids. The 

release behavior of AA@ADMAP-TT1 was similar to AA@ADMAP (Figure 6a). More than 

40% of the drug was released after 2 h at pH 5.0, and almost 100% release was achieved after 

24 h due to the complete hydrolysis of AcDX. At pH 7.4, however, the particles remained stable 

during the duration of the study with only a small burst release at the first hour. 

When incubated with 3D-spheroids, AA@ADMAP-TT1 showed greater therapeutic efficacy 

than both free AA (in 1% P407) and AA@ADMAP, in terms of spheroid size, volume and cell 

viability. The optical images of spheroids with or without treatment for 5 days are shown in 

Figure 6b. The control group without treatment showed a constant size (550 µm) during the 

studied period, while the spheroids that received treatments decreased steadily by time from 

550 µm to 472 µm, 445 µm and 423 µm for free AA, AA@ADMAP and AA@ADMAP-TT1, 

respectively. The spheroids receiving AA@ADMAP-TT1 decreased in diameter from day 1 to 

day 5, and cells disintegrated from the spheroid’s surface. Instead of an integral sphere with a 

smooth surface and a solid core seen at the beginning of the treatment, the AA@ADMAP-TT1 

treated spheroids became irregular with rough surfaces and individual cells scattered around 

eventually. This suggested that AA@ADMAP-TT1 NPs not only killed the cells on the 

spheroid surface, but also managed to disintegrate the spheroids over time. The corresponding 

volumes of the spheroids plotted in Figure 6c further proved that the treatment with  

AA@ADMAP-TT1 NPs reduced the spheroid volume to 64% after 1 day of treatment, and 
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eventually to 45% at the end of the treatment, whereas the volume in the other groups remained 

above 50% within the studied range.  

The quantification of the cell viability within the spheroids after treatment was done using 

trypsin to disassemble the spheroids and analyzed the metabolical activity of remaining tumor 

cells (Figure 6d). After 1-day incubation, the viability of the AA@ADMAP-TT1 NP-treated 

group decreased significantly to 69%, and further decreased to 40% and 11% after 3 days and 

5 day-treatment, respectively. The free AA-treated group only showed a modest reduction in 

the viability: 80% on day 1 and to 54% on day 5. Although the AA release within the spheroid 

was not visible, the higher cell-killing potency along with the 3D-spheroid disintegration 

indicated that the TT1 peptide conjugated on ADMAP may have facilitated the tumor 

penetration and enabled drug delivery both to the cells’ surface and deep inside the spheroids 

after transcytosis. Thus, the TT1 functionalization improved the ability of AA@ADMAP to 

lyse 3D-spheroids. This observation in combination with known tumor tropism of TT1-guided 

nanoparticles (REFs) suggests the potential of AA@ADMAP-TT1 NPs for in vivo antitumor 

therapy in the future.  
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Figure 6. (a) The cumulative release of AA from AA@ADMAP-TT1 NPs at pH 5.0 and 7.4. 

Data are presented as the mean ± s.d. (n =3). (b) The optical microscopy images of 

representative 3D-spheroid cells with and without treatments in 5 consecutive days. The CT-26 

tumor spheroids are incubated with cell culture medium only (control), 1% P407, 50 g mL-1 

of AA in 1% P407, AA@ADMAP (1 mg mL-1, drug contents equivalent to 50 g mL-1 of AA), 

and AA@ADMAP-TT1 (1 mg mL-1, drug contents equivalent to 50 g mL-1 of AA). Scale bars 

= 500 m. (c) The size of the spheroids measured from the microscopy images. The volume 

data were calculated and normalized to the untreated control at day 0 (n = 3). (d) The cell 

viability of the spheroids quantified by CellTiter-Glo® assay after dissociation using trypsin. 

The results were normalized to the untreated controls. Data are presented as the mean ± s.d. (n 

= 5). *P < 0.05, **P < 0.01, and ***P < 0.001. 
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3. Conclusions 

A pH-responsive, virus-mimicking polymer ADMAP was synthesized by grafting 

endosomolytic polymers from AcDX by RAFT polymerization, and subsequently fabricated 

into drug-loaded, uniform NPs on a glass-capillary microfluidic device. The ADMAP NPs 

maintained the endosomolytic activity, thus enabling the cytoplasmic delivery of endocytosed 

payloads. After the encapsulation of an anticancer therapeutic (AA) as a model drug, the 

AA@ADMAP showed greater therapeutic efficacy than free anticancer drugs in vitro. 

Functionalization with a tumor-penetrating peptide TT1 enhanced the therapeutic efficacy of 

the NPs on 3D tumor spheroids, leading to both cell-killing effect and spheroid disintegration, 

probably by penetrating deep inside the spheroids. The simple preparation, pH-responsive drug 

release, successful endosomal escape property and the compatibility with affinity targeting of 

this nanocomposite makes it promising for antitumor therapeutics delivery. 

 

4. Experimental Section 

Materials  

Polymer synthesis: Dextran (40000 Da), pyridinium-p-toluenesulfonate (PPTS), 2-

methoxypropene, triethylamine (TEA), cyano-4-(phenylcarbonothioylthio)pentanoic acid 

(CPADB), N,N′-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), 2,2’-

azobis(2-methylpropionitrile) (AIBN) solution (0.2 M in toluene), methacrylic acid (MAA), 

lauryl methacrylate (LMA), butyl methacrylate (BMA), stearyl methacrylate (SMA), ethyl 

acetate, dichloromethane (DCM), dimethyl acetamide (DMAc), anhydrous dimethyl sulfoxide 

(DMSO), 2-propanol, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich® (St. Louis, MO, USA). 

Alexa Fluor® 633 and 3-(2-pyridyldithio)propionyl hydrazide (PDPH) were purchased from 

ThermoFisher Scientific (Waltham, MA, USA). All materials were use as received.  
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Cell studies: Lysotracker™ red and 4’6-diamidino-2-phenylindole (DAPI) was purchased from 

ThermoFisher Scientific (Waltham, MA, USA). Fluorescein (FAM) labeled linear TT1 peptide 

(sequence: FAM-Cys-Ahx-AKRGARSTA-NH2; Cys = cystein: Ahx = amino hexanoic acid) 

was purchased from TAG Copenhagen (Denmark). 10× Hank’s Balanced Salt Solution 

(HBSS), Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were 

purchased from Life Technologies Gibco®, USA. 96-well plates and 75 cm2 cell culture flasks 

were purchased from Corning® Inc. (NY, USA). CellTiter-Glo® assay was purchased from 

Promega Corporation, USA. 2-(4-(2-hydroxyethyl)pipezarin-1-yl) ethanesulfonic acid 

(HEPES), asiatic acid (AA) and calcein were purchased from Sigma-Aldrich® (St. Louis, MO, 

USA). 10× Phosphate Buffered Saline (PBS), non-essential aminoacids (NEEA), L-glutamine 

200 mM, penicillin (100 IU mL-1), streptomycin (100 mg mL-1) and trypsin (2.5%) were 

purchased from HyClone™, GE Healthcare Lifesciences (Logan, UT, USA). Triton X-100 was 

purchased from Merck Millipore (Darmstadt, Germany). NanoShuttle™-PL magnetic 

nanoparticles for 3D spheroid preparation were purchased from Greiner Bio-One International 

GmbH (Frickenhausen, Germany). Red blood cells were purchased from Finnish Red Cross 

(Veripalvelu). 

Synthesis of membrane-active polymer 

RAFT agent CPADB (10 mg, 0.036 mmoL) was weighed in round-bottom flask and dissolved 

in 2-propanol (5 mL). Two monomers, MAA (425 L, 5 mmol) and methacrylate (either BMA, 

LMA or SMA at a specific ratio shown in Table S1) were added directly into this solution, 

followed by AIBN solution (54 L, 0.2 M in toluene). The flask was sealed and purged with 

nitrogen for 20 min, and then immersed in an oil bath at 70 °C for 16 h. The polymer was 

purified by precipitation in cold diethyl ether, and then isolated by centrifugation at 3214g for 

5 min. The precipitant was dissolved in methanol, and then dropped into diethyl ether to 

precipitate again. The precipitation process was repeated 3 times, and the final polymers were 
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dried in a vacuum oven, yielding pink solid products. The salt form of the polymers for 

hemolysis study were obtained by dissolving the pink solid in 1 mM sodium bicarbonate 

solution, following by overnight dialysis (MWCO 3.5 kD) against Milli-Q water to remove 

excessive sodium bicarbonate. The final solution after dialysis was freeze-dried, yielding light 

pink fine powders.  

The polymer structure was verified by 1H-NMR spectroscopy on an Avance III 400 MHz NMR 

spectrometer (Bruker, Swizerland), and the spectra were analyzed by MestReNova. The 

chemical shift was calibrated by NMR solvent (DMSO-d6) peak. The integral of the peaks (7.4–

7.9 ppm) of CPADB was normalized as 5, corresponding to the 5 protons on benzyl rings. Then 

the integration of the MAA peak (12.4 ppm, –COOH group) and the RMA peak (3.8 ppm, –

CH2 adjacent to the ester bond) were obtained and the amount of MAA and RMA incorporated 

in the final polymer was calculated. The calculated results were shown in Table S1.   

Synthesis of ADMAP 

To prepare ADMAP, acetalated dextran (AcDX) was first prepared, as reported elsewhere.[41] 

Briefly, dextran (1.0 g) was dissolved in 10 mL anhydrous DMSO. PPTS (15.6 mg) and 2-

methoxypropene (3.4 mL) were added and the reaction was allowed for 4 h under the argon 

atmosphere before quenching by TEA (1 mL). The polymer product was obtained by 

precipitation in MilliQ water (100 mL). After centrifugation (15 min, 16110g), the pellet was 

redissolved in ethanol (20 mL), and precipitated in water again. The purification process was 

repeated twice, and the residual water was removed by freeze-drying for 48 h. The final AcDX 

polymer was characterized by FTIR (Figure 2c) and 1H-NMR (Figure S3) on a Bruker Vertex 

70 spectrometer to confirm the structure before proceeding to the next step.  

The AcDX macroRAFT was synthesized, following the previous literature.[64] AcDX (100 mg) 

was dissolved in DCM (1.6 mL), and then CPADB (10 mg) was added and stirred until 

dissolved. DCC (20 mg) and DMAP (1 mg) were separately dissolved in additional 0.2 mL 
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DCM. DCC solution was added to the polymer solution, followed by DMAP solution. The 

reaction proceeded overnight at room temperature. The reaction mixture was dialyzed against 

acetone for 2 days using dialysis bag (MWCO 3.5 kD), and the solvent was replaced twice a 

day. After dialysis, the pink polymer solution was dried by rotary evaporator to obtain the 

AcDX macroRAFT, which was characterized by 1H NMR spectroscopy (Figure S4). By the 

peak integration of benzyl rings (5 protons) from 7.4 to 7.9 ppm and the anomeric proton of 

AcDX from 4.7-5.2 ppm, it is possible to deduce the amount of RAFT agent on AcDX. On 

average, there are approximately 3.6 RAFT agent per AcDX chain. 

The ADMAP polymer was obtained by RAFT polymerization of MAA and LMA using AcDX 

macroRAFT agent ([RAFT agent]/[AIBN]/[MAA]/[LMA]=1:0.3:140:10). The AcDX 

macroRAFT (550 mg, equivalent to 0.1 mmol RAFT agent) was dissolved in DMAc and IPA 

mixture solution (25 mL, 1:10 v/v). After AcDX macroRAFT completely dissolved, MAA 

(1 mL, 14.3 mmol) and LMA (0.3 mL, 1.02 mmol) were added, followed by the addition of 

AIBN solution (0.15 mL, 0.2 M in toluene, 30.6 mol). The flask was sealed and purged with 

nitrogen for 40 min, and then immersed in an oil bath at 70 °C for 16 h. The ADMAP polymer 

was purified by precipitation in cold diethyl ether and separated by centrifugation at 3214g for 

5 min. The collected pellet was redissolved in methanol and precipitated again in diethyl ether. 

The precipitation was repeated three times to removed unreacted monomers. The final polymer 

pellet was dried in a vacuum oven at 40 °C for 1 day. The ADMAP was subsequently 

characterized by NMR and FTIR.   

Fabrication of the glass-capillary microfluidic device 

A co-flow microfluidic nanoprecipitation device was fabricated by assembling borosilicate 

glass capillaries on a glass slide.[40] Cylindrical capillary (inner and outer diameter of 580 and 

1000 µm; World Precision Instruments Inc., USA) was tapered using a micropipette puller (P-

97, Sutter Instrument Co., USA), and then further enlarged to a diameter of 100 µm. This 
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tapered capillary was inserted into another larger cylindrical capillary with an inner diameter of 

1100 µm (Vitrocom, USA). A transparent epoxy resin (5 Minute® Epoxi, Devcon) was used to 

seal the capillaries when required. Two miscible liquids were injected separately into the 

microfluidic device in the same direction through polyethylene tubes attached to syringes at 

constant flow rates. The flow rate of the different liquids was controlled by pumps (PHD 2000, 

Harvard Apparatus, USA). 

Preparation of ADMAP and AA@ADMAP nanoparticles 

The nanoparticles without drug (ADMAP) and with drug (AA@ADMAP) were prepared by 

the co-flow glass-capillary microfluidic device. The inner and outer fluids were ADMAP in 

ethanol (20 mg mL-1) and Milli-Q water (adjusted to pH 7.4), respectively. The flow rate of the 

inner and the outer fluids was 2 mL h-1 and 20 mL h-1, respectively. To produce AA@ADMAP, 

AA (1 mg mL-1) was dissolved in the inner fluid, and the rest of the procedure was as the same 

as the method mentioned above. The produced particles were collected by centrifugation at 

16110g for 5 min and washed twice with Milli-Q water. The particle size, polydispersity index 

(PDI) and zeta-potential were measured using Malvern Zetasizer Nano-ZS (Malvern 

Instruments Ltd., UK). The morphology of the different NPs was evaluated by transmission 

electron microscope (TEM; Tecnai F12, FEI Company, USA).  

Conjugation of TT1 peptide to AA@ADMAP 

TT1 was chemically attached onto the surface of the AA@ADMAP using EDC/NHS chemistry 

together with the PDPH conjugation in water (pH 6.0). Briefly, 0.5 mg of NPs were dispersed 

in water (0.5 mL) containing 3.8 µL of EDC, 3.3 mg of NHS and 0.5 mg of PDPH. The particle 

suspension was stirred for 2 h at room temperature to activate the carboxylic groups on the 

surface of the NPs, and further conjugated with PDPH. Afterwards, the particles were 

centrifuged and washed with Milli-Q water twice to remove the unreacted compounds. To 
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quantify the amount of the conjugated PDPH on the particle surface, the supernatant (100 µL) 

was taken and mixed with DTT (10 mM, 5 µL) for 15 min and measured the UV-absorbance at 

343 nm. The particles were redispersed again in 1 mL of TT1 peptide solution (100 µg mL-1), 

and tip-sonicated for 10 s using a Vibra‐Cell ultrasonic processor (Sonics, Sonics and Materials, 

Inc., USA). The particle suspension was stirred for 1 h at room temperature to allow for peptide 

conjugation. Finally, the final particles were washed with Milli-Q water twice to remove an 

excess peptide. To quantify the amount of the peptide conjugated on the surface of the particles, 

the fluorescence intensity (FI) before and after peptide-conjugation was detected at the 

excitation and emission wavelength of 485 nm and 520 nm, respectively, using Varioskan™ 

LUX multimode microplate reader (Thermo Fisher Scientific Inc., NY, USA). The percentage 

of the peptide conjugation efficiency was 98 g peptide/mg NPs, calculated according to the 

following equation:  

% conjugation efficiency = 
(𝐹𝐼 𝑏𝑒𝑓𝑜𝑟𝑒 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑖𝑜𝑛)− (𝐹𝐼 𝑎𝑓𝑡𝑒𝑟 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑖𝑜𝑛)

(𝐹𝐼 𝑏𝑒𝑓𝑜𝑟𝑒 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑖𝑜𝑛)
 × 100  

 

LMA10 CMC measurement  

The CMC of LMA10 polymer was measured by DLS. LMA10 aqueous solutions with different 

concentrations ranging from 5 to 500 mg mL-1 were prepared and measured by Malvern 

Zetasizer Nano-ZS (Malvern Instruments Ltd., UK). Each sample was measured at 25 °C for 3 

times. The average derived count rate of 3 measurements was plotted against concentration and 

the linear fitting was performed by OriginPro 2018.  

Hemolysis assay  

The pH responsivecell membrane permeability properties of the membrane-active polymers 

(BMA10, LMA10, SMA10, LMA0 and LMA40) were investigated, using human blood 
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hemolysis assay.[37] Briefly, the blood (1 mL) at the cell density of 5×108 cells per mL was 

washed by 150 mM sodium chloride solution and centrifuged at 1137g, 4 min for 3 times until 

the supernatant was almost clear. Each membrane-active copolymer (in salt form) was prepared 

at the concentration of 11000 µg mL-1 in Milli-Q water, and diluted in citric acid buffer 

solution (pH 4.5, 5.0, 5.5, and 6.0, respectively) or PBS 1X (pH 7.4). Then, the purified blood 

(4 µL, 2×106 cells) was added into each sample solution (200 µL) in triplicates and incubated 

with gentle shaking at 37oC for 1 h. After that, all samples were centrifuged at 1485g for 4 min, 

and the supernatant (100 µl) was transferred to the 96-well plate. The UV absorbance at 540 

nm was recorded using microplate reader to identify the hemoglobin concentration. Blood 

containing buffer solution and Milli-Q water were used as negative control and positive control, 

respectively. The positive control is to lyse all red blood cells (RBCs) since the water causes 

RBC swollen and breaks the cells afterwards. The positive control was defined as 100% 

hemolysis, and the RBC lysis of negative control is defined as 0%. The final hemolysis for a 

specific polymer sample was calculated as: 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =
𝐴𝑏𝑠(𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐴𝑏𝑠(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐴𝑏𝑠(𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐴𝑏𝑠(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100% 

 

The hemolysis test on the ADMAP NPs at the concentrations of 101000 µg mL-1 was later 

determined using the same method as described above.  

Determination of loading degree (LD), encapsulation efficiency (EE) and in vitro drug 

release study 

High Performance Liquid Chromatography (HPLC): Agilent 1100 series HPLC system 

(Agilent Technologies, Germany) was used to analyze the AA compound loaded into NPs. A 

reversed phase column (C18) with 5 µm-particle size (200  4.6 mm, TSK-gel® ODS-80Tm) 
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was used as a stationary phase. The mobile phase was composed of Milli-Q water and 

acetonitrile/methanol (8% v/v) at the ratio of 23:73 v/v. The flow rate and injection volume 

were set at 1.0 mL min-1 and 20 µL, respectively. The wavelength of detection was 217 nm. 

 

Determination of LD and EE: The loading degree (LD) for the drug loaded particles, expressed 

as [(weight of loaded drug/weight of drug loaded samples) × 100%], was determined by 

immersing them into methanol to dissolve the polymeric matrix and release all the drugs. The 

encapsulation efficiency (EE) was defined as the ratio of the actual and the starting amounts of 

drug encapsulated in the particles, expressed as [(actual amount of loaded drug/theoretical 

amount of loaded drug) × 100%]. The amount of drug was quantified by HPLC as stated above. 

 

In vitro drug release study: The release profiles of AA from AA@ADMAP and AA@ADMAP-

TT1 were studied and compared with free AA. AA-loaded particles were suspended in either 

PBS (pH 7.4) or HBSS-MES (pH 5.0) and incubated at 37 °C with shaking (60 rpm). Free AA 

was added into buffer solutions containing 1% (w/v) P407 due to the low solubility of AA. At 

selected time intervals (15 min, 30 min, 1 h, 2 h, 4 h, 6 h and 24 h), 200 µl of the suspension 

was collected and replaced with the same volume of fresh and preheated medium. The 

suspension was then centrifuged at 16110g for 5 min. The amount of AA in supernatants was 

quantified by HPLC as stated above. Triplicate samples were used for release study.   

Cytotoxicity studies  

The in vitro cytotoxicity was performed using a commercial CellTiter-Glo® luminescent cell 

viability assay (Promega Corp., WI, USA). CT-26 colon cancer cell lines were selected as a 

tumor cell model. The cells were seeded overnight on a 96-well plate at density of 1×104 cells 

per well in fresh DMEM medium (10% FBS). The medium was discarded and replaced with 

tested materials dispersed in cell culture medium (ADMAP NPs from 50 to 1000 µg mL-1, free 
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AA from 2.5 to 50 µg mL-1 with 1% (w/v) P407, or AA@ADMAP at the concentrations based 

on the amount of AA encapsulated ADMAP). Triton X-100 solution (1% v/v in cell culture 

medium), and cell culture medium without any tested materials were used as negative and 

positive controls, respectively. Cells were incubated for 6 and 24 h in the incubator at 37 °C 

(5% CO2 and 95% relative humidity). The cell viability was detected from the luminescent 

intensity, in which represent the amount of ATP produced by the viable cells. The assay was 

carried out using Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific 

Inc., NY, USA). All samples were performed in six replicates.  

Endosomal release study by calcein assay 

CT-26 tumor cells (HT-29 and Caco-2 cells) were cultured in Lab-Tek® chambered borosilicate 

coverglass (8-chamber, ThermoFisher Scientific, USA) at a cell density of 15×103 cells per well 

in cell culture medium (DMEM) containing 10% FBS for 2 days. Calcein solution at the 

concentration of 0.2 mg mL-1 in DMEM with free FBS was prepared and used as a control. The 

ADMAP and the AcDX-NPs at the concentration of 50 µg mL-1 were dispersed in calcein 

solution containing DMEM. 200 µL of the samples were added into the well and incubated for 

1 h. Then, the particles were gently removed and replaced with DMEM containing 10% FBS. 

After 3 h of incubation, the cells were incubated with Lysotracker™ red solution (200 nM) 

prepared in DMEM for 10 min. Finally, the cells were imaged by a Leica TCS SP5 II HCS-A 

confocal microscope (Leica Microsystems, Wetzlar, Germany). The images acquired were 

processed by Fiji 1.51 software. 

Endocytosis inhibition study  

CT-26 tumor cells (5×104 cells per well) were seeded in 48-well plates for 2 days at 37 C. The 

endocytosis inhibitors, including ammonium chloride 50 mM, and sodium azide 100 mM were 

introduced to the cells for 1 h in DMEM (10% FBS). The low temperature group was incubated 
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for 1 h at 4 C condition. Then, the Alexa633-conjugated ADMAP (50 µg mL-1) were added to 

the cells and incubated for 1 h. The cells incubated with Alexa633-conjugated ADMAP without 

any inhibitor pre-treatment was used as positive control, while the cells without any particle 

exposure were used as negative control. After incubation, the particles were removed and the 

cells were washed twice with PBS before detachment by trypsin. The detached cells were 

centrifuged at 317g and washed again with PBS before analysis on BD Accuri™ C6 Flow 

Cytometer. The mean fluorescence intensity of each sample (in triplates) was calculated by BD 

Accuri™ C6 software and normalized according to the positive control.  

3D spheroid culture and the interaction with particles 

CT-26 3D tumor spheroids were prepared as reported elsewhere.[65] Cells were seeded in 6-well 

plate at the concentration of 4×105 cells per well in DMEM, supplemented with 10% FBS, in a 

humidified chamber at 37 oC overnight. The NanoShuttle™-PL magnetic nanoparticles (50 µL) 

were directly added into the cell culture medium and incubated for 8 h. To prepare the 3D 

spheroids, the cells were detached from the 6-well plate using trypsin- 

Ethylenediaminetetraacetic acid (EDTA), and seeded in the ultra-low attachment surface 96 

well plate (Costar®, Corning, Kennebunk ME, USA) at the density of 6×103 cells per well. After 

that, the plate was placed on the magnetic driver and incubated at 37 oC for 2 days to allow the 

cells, forming an intact spheroid. The ADMAP and ADMAP-TT1 were prepared in DMEM 

(10% FBS) at the concentration of 50 µg mL-1 for 1 h and 3 h at 37 C, and separately prepared 

for confocal imaging and flow cytometry analysis.  

For confocal imaging, the spheroids were washed once with PBS and fixed in 4% 

paraformaldehyde (PFA, 100 µL) at 37 oC in the incubator. After 4 h, the cells were washed 

once with PBS and stained with DAPI overnight. The intact spheroids were imaged by a Leica 

TCS SP5 II HCS-A confocal microscope subsequently using Z-stack imaging. The final 3D 

image was reconstructed by Imaris 8.2. To further investigate the particle penetration, the 
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spheroids were cryo-sectioned using Leica CM3050 S cryostat, and transferred to the glass 

slides and stored at 4 °C, before imaging by a Leica TCS SP5 II HCS-A confocal microscope. 

The cryo-sectioned spheroid images were processed by Fiji 1.51 software. 

For flow cytometry analysis, the spheroids were disassembled using 50 µL of trypsin-EDTA 

and incubated for 15 min at 37 °C. The lysed cells were resuspended in 150 µL of PBS-EDTA 

and transferred to the V-shape 96-well plate (3 spheroids combined in one well), centrifuged at 

317g for 5 min and discard the supernatant. The cells were washed once with PBS-EDTA (150 

µL per well), and resuspended in 250 µL of PBS-EDTA for flow cytometry analysis on BD 

Accuri™ C6 Flow Cytometer. The spheroids without any particle treatment was used as 

negative control for events gating. The percentage of positive events and the mean fluorescence 

intensity of each sample (four replicates) were calculated by BD Accuri™ C6 software. 

Therapeutic efficacy study on 3D spheroid models 

The therapeutic efficacy of the free AA and AA@ADMAP was investigated using 3D spheroid 

model prepared by the same method as stated above. The spheroids were treated with 50 µg 

mL-1 of free AA with 1% (w/v) P407, AA@ADMAP (1000 µg mL-1, equivalent to 50 µg mL-1 

AA) and AA@ADMAP-TT1 (1000 µg mL-1, equivalent to 50 µg mL-1 AA) for 5 days and the 

medium containing sample solutions was replaced in every other day. On day 0, 1, 3 and 5, the 

spheroids were imaged using a Leica DMi1 inverted optical microscope (Leica Microsystems, 

Wetzlar, Germany), and their diameters were measured by Nano Measurer 1.2 software. After 

imaging, the spheroids were washed with PBS once and incubated with 100 µL of trypsin-

EDTA for 15 min to disassemble the spheroids into cell suspension. The cell viability at each 

time point was quantified by CellTiter-Glo® luminescence assay on a Varioskan™ LUX 

multimode microplate reader (Thermo Fisher Scientific Inc., NY, USA). All samples were 

performed in five replicates. 
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Statistical analysis 

The experiments were performed in at least triplicates and the values are represented as mean 

± standard deviation. The data were analyzed by one-way ANOVA by OriginPro 2018. The 

levels of significant differences were set at probabilities of *P < 0.05, **P < 0.01, and ***P < 

0.001. 

Supporting Information  
Supporting Information is available from the Wiley Online Library. 
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drug release properties are synthesized and fabricated on a microfluidic device. With great 

drug encapsulation efficiency, in vitro therapeutic efficacy, and oncolytic activity towards 3D 

tumor spheroids after conjugating tumor penetrating peptides, these nanoparticles showed 

promising potential for the intracellular delivery of antitumor therapeutics. 
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Supplementary results 

 

Figure S1. The DLS derived count rate against LMA10 concentration. The cross point of the 

two linear fittings indicated the critical micelle concentration (CMC) at 216 g mL-1. 
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Figure S2. The 1H-NMR spectrum of dextran with proton designations. # Represents the peak 

of NMR solvent DMSO-d6. 
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Figure S3. The 1H-NMR spectrum of AcDX with proton designations. # Represents the peak 

of NMR solvent DMSO-d6. The appearance of peak g and h compared with the spectrum of 

dextran shown in Figure S2 indicated successful acetalation. 
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Figure S4. The 1H-NMR spectrum of AcDX macroRAFT with proton designations. # 

Represents the peak of NMR solvent DMSO-d6. The appearance of peak i compared with the 

spectrum of AcDX shown in Figure S3 indicated successful conjugation of RAFT agent. 
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Figure S5. The DLS size distribution histograms of ADMAP, AA@ADMAP and 

AA@ADMAP-TT1 particles.  
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Figure S6. The confocal microscopy images of HT-29 and Caco-2 cells showing the 

intracellular translocation of calcein. The cells were treated with (a, d) calcein only (0.2 mg mL-

1), (b, e) calcein with AcDX nanoparticles (50 g mL-1) and (c, f) calcein with AMDAP (50 g 

mL-1) for 1 h. The images were taken at 3 h after the 1 h uptake. Scale bar = 50 m.  
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Figure S7. The cytotoxicity of ADMAP on HT-29 and Caco-2 cells after a 6 and 24 h 

incubation. The results were normalized to the untreated controls. Data are presented as the 

mean ± s.d. (n = 5). * P < 0.05, ** P < 0.01, and *** P < 0.001. 
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Figure S8. The flow cytometry results of CT-26 cells incubated with or without ADMAP-TT1. 

The FITC channel shows the fluorescence from fluorescein-labelled TT1 peptide and the APC 

channel shows the fluorescence from Alexa-633 labelled ADMAP particles. Cells incubated 

with ADMAP-TT1 showed 92.4% double positive, suggesting the high uptake of ADMAP-

TT1 particles.  
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Figure S9. The 3D z-stack confocal images of spheroids with and without particles at 1 h and 

3 h, reconstructed by Imaris. Blue: cell nuclei stained by DAPI; red: Alexa 633-labelled 

ADMAP particles and yellow: ADMAP-TT1 particles labelled by both fluorescein and Alexa 

633. Scale bar, 100 m. 
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Table S1. The degree of polymerization and composition of membrane-active polymers used 

in this study.  

No. Theoretical 
MAA:RMA 

Experimental 
MAA:RMAa) 

BMA10 140:10 140:10 

LMA10 140:10 141:9 

SMA10 140:10 144:9 

LMA0 140:0 136:0 

LMA40 140:40 139:37 
a) Determined by 1H-NMR. 

 

 


