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Abstract

Understanding the cellular uptake mechanism of materials is of fundamental importance that 

would be beneficial for materials design with enhanced biological functions. Herein, we report the 

interplay of pharmacological and genetic approaches to minimize the possible misinterpretation on 

cellular uptake mechanism. A library of amphiphilic polymers was used as a model system to 

evaluate the reliability of such methodological interplay. To probe the cellular uptake of 

amphiphilic polymers, we utilized an orthogonal end-group labelling strategy to conjugate one 

fluorescent molecule on each polymer chain. The results from the methodological interplay with 

these labelled polymers revealed the off-target effects of dynasore, a well-known dynamin 

inhibitor. Instead of dynamin, actin was found to be an essential cellular component during the 

cellular uptake of these amphiphilic polymers. Our study demonstrates the importance of 

interplaying pharmacological and genetic approaches when evaluating the endocytic mechanism of 

functional materials, providing insights on understanding the cellular uptake of future therapeutic 

materials.
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Introduction

Passing across the cell membrane is one of the preliminary processes for therapeutic 

materials to initiate their intracellular biological functions.1–3 An efficient cellular entry of 

therapeutic materials is therefore a fundamental step to achieve high biological efficacy. 

Thus, understanding the cellular internalization mechanism would provide rational basis for 

materials design, tuning their interaction with the cell membrane, and improving their 

cellular uptake efficiency.4–6

The most commonly used method to probe cellular uptake mechanism is the 

pharmacological approach, where an inhibitor is applied to investigate the endocytic 

pathway of interest.7 However, several representative inhibitors of endocytic pathways could 

concurrently affect multiple pathways. The off-target effects of these inhibitors typically 

result from either non-specific interference with different cellular components, or disruption 

of a cellular component that involves in multiple biological pathways.8 Alternatively, genetic 

approaches are introduced through expressing the mutant forms of the target protein or 

downregulating the protein that is responsible for one endocytic pathway.9 Like 

pharmacological approaches, alteration of endogenous proteins can also lead to the 

regulation of other endocytic pathways.8 In fact, it is hard to conclude the endocytic pathway 

for a certain nanomaterial exclusively based on one approach.10, 11 The interplay of 

pharmacological and genetic approaches is expected to minimize misleading interpretations 

on cellular uptake mechanism.

Here we evaluate the cellular uptake of amphiphilic polymers as a model system to 

investigate the interplay of pharmacological and genetic approaches. Amphiphilic polymers 

are broadly used as drug carriers for the development of nanomedicines.12, 13 The 

amphiphilic feature allows these carriers to accommodate a large range of therapeutic 

cargos, including hydrophobic small molecules14, 15 and hydrophilic biomacromolecules.
16, 17 To probe the cellular uptake and intracellular trafficking of amphiphilic polymers, 

utilizing fluorescence is a straightforward way to evaluate in live cells. Fluorescent 

molecules can be non-covalently encapsulated by the hydrophobic moieties within the 

polymers,18 or covalently attached onto the polymers.19 However, the non-covalent strategy 
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is in fact tracking the encapsulated fluorescent molecules, rather than directly monitoring 

polymers. Possible fluorophore leakage during the uptake process will generate false signals 

for the localization of polymers. In contrast, covalently attaching fluorophores on polymers 

avoids such disadvantage.20, 21

Strategies to covalently attach fluorophores are mainly designed for incorporation on the 

side chain of polymers, where a small percentage functionalization is targeted.22, 23 Such a 

strategy results in significant dispersity in the number of fluorophores on each polymer 

chain. Since typical fluorescent molecules are quite hydrophobic, multi-fluorophore labeling 

on an amphiphilic polymer chain could affect the hydrophilic-lipophilic balance of the 

polymer and induce unnecessary complications during the cellular uptake evaluation. In this 

study, we introduce an orthogonal labeling strategy24 via covalently tagging the end group of 

each polymer chain. Previous studies have demonstrated the end group labeling strategy 

based on a pentafluorophenol (PFP) ester-terminated polymer.25 However, the chain transfer 

reagent and initiator for the PFP-based strategy were found to be labile in protic solvent at 

elevated temperatures.26 Our strategy ensures single fluorophore labeling per polymer chain 

through azide-alkyne click reaction,27 precisely controlling the attachment of fluorophore 

label. Next, by tracking the labeled fluorophore, the cellular uptake mechanism of an 

amphiphilic polymer analog was investigated by both pharmacological and genetic 

approaches. We report that the methodological interplay on deciphering endocytic 

mechanisms has minimized the misinterpretation that can be generated by one methodology 

alone, improving our understanding on the cellular entry of functional materials.

Experimental Section

General methods.

Materials and reagents were purchased from commercial sources without further 

purification. 1H NMR, 13C NMR, 19F NMR, and 31P NMR spectrum were acquired from 

either a Bruker AdvanceIII 400 NMR spectrometer or a Bruker AvanceIII 500 NMR 

spectrometer. Mass spectrometry was conducted on a Bruker MicrOTOF ESI-TOF mass 

spectrometer. Gel permeation chromatography (GPC) was conducted on an Agilent 1260 LC 

using tetrahydrofuran as the eluent. Molecular weights are versus polystyrene standards. The 

GPC using trifluoroethanol as the eluent was conducted on an Agilent 1200 series HPLC 

system, using polymethylmethacrylate standards for molecular weight calculation. Dynamic 

light scattering and zeta potential measurement were carried out on a Malvern Zetasizer 

Nano ZS. Confocal microscopy images were obtained from a Nikon fluorescence 

microscope either equipped with a Yokogawa spinning disk or a spectral detector unit. Flow 

cytometry experiments were conducted on a ThermoFisher Attune NxT flow cytometer. The 

infrared spectra were collected on a Bruker Alpha FT-IR Spectrometer with a spectral range 

from 3500 cm−1 to 400 cm−1. Thermogravimetric analysis was performed under N2 flow 

from room temperature to 600 °C using a TA Instrument Q50 thermogravimetric analyzer.

Synthesis of chain transfer agent, radical initiator, monomers, and polymers.

The detailed synthetic procedures are provided in Section 2.1. and 2.2. of the Supporting 

Information. Specifically, the synthesis of the chain transfer agent (Az-CTAP, Figure 1), the 
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radical initiator (Az-ACVA, Figure 1), and monomers for the reversible addition–

fragmentation chain transfer (RAFT) polymerization are summarized (Figure SP1~SP11). 

RAFT polymerization of the polymers with different surface charge are also summarized 

with structural characterization results (Figure S1, SP12~SP20).

End-group labeling on the polymers via copper-free click chemistry.

Polymers and DBCO-Cy3 (Lumiprobe, Cat# E10F0, 1.05 equiv. vs. the azido-end-group on 

the polymer) were dissolved in trifluoroethanol (2 mL) and stirred at room temperature for 

24 hours. The solvent was evaporated and the mixture was purified by gel permeation 

chromatography over SorbaDex 20-LH gel filtration matrix (Cat# 801009). Details of eluent 

are available in in Section 2.3. of the Supporting Information. The high-molecular-weight 

fraction was respectively collected and dried under vacuum (Figure S3).

Preparation of the amphiphilic polymer stock solution.

Amphiphilic polymer was first dissolved in organic solvent (details in the Section 2.4. of the 

Supporting Information). Deionized water was added dropwise into the organic solution of 

amphiphilic polymers while stirring. The mixture was continuously stirred at room 

temperature for 2 hours. Subsequently, a calculated amount of dithiothreitol stock solution 

was added into the mixture to crosslink ~20% pyridine disulfide unit. After stirring for 

overnight, the mixture was purified and concentrated with deionized water using Amicon 

centrifugal filters with 3 k MWCO.

Cellular uptake of amphiphilic polymers in the presence of pharmacological inhibitors.

A certain number of cells of interest were cultured in a 96-well plate for 24 hours prior to 

the experiment. For inhibiting different endocytic pathways, cells were cultured for 1 hour in 

the growth medium containing the inhibitor. Subsequently, in the presence of inhibitors, the 

cells were incubated with Cy3-labeled amphiphilic polymers that spiked into the medium for 

additional 3 hours. Note that the incubation time length for actin inhibitors is different from 

the rest of the inhibitors involved. Details are available in the Section 2.5., 2.6., 2.7., and 

2.10. of the Supporting Information. After washing the cells with cold PBS, the fluorescence 

intensity of Cy3 within the cells was measured using flow cytometry with an excitation 

wavelength of 561 nm. For the positive control, cells were cultured in the growth medium 

for 1 hour and incubated with Cy3-labelled polymers for another 3 hours. For the blank 

group, cells were cultured in the growth medium for 4 hours. After subtracting the 

fluorescence signal from the blank group, Cy3 fluorescence of the positive control group 

was normalized as 100%.

Dynamin-2 knockdown in DNM2-GFP SK-MEL-2 cells.

The SK-MEL-2 cells with GFP tagged on one endogenous DNM2 allele28 were provided by 

Dr. David G. Drubin (University of California, Berkeley). Lipofectamine RNAiMAX 

(ThermoFisher, Cat# 13778030) was used to transfect the siRNA of dynamin-2 (siDNM2, 

ThermoFisher, Cat# S4212) into SK-MEL-2 cells. The sequence of siDNM2 is 5′-
ACAUCAACACGAACCAUGA-3′. Lipofectamine RNAiMAX and siDNM2 were 

complexed for transfection based on the ThermoFisher manual. Details are available in the 
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Section 2.8. of the Supporting Information. The lipid-RNA complex containing Opti-MEM 

was added into each well and incubated for 48 hours or 72 hours. After washing with 

phosphate buffer saline, the siDNM2-treated SK-MEL-2 cells are ready to be further 

evaluated for the cellular uptake of polymers.

Results and Discussion

Orthogonal end-group labeling of amphiphilic polymers

We designed an end-group labelling strategy to conjugate a fluorophore on amphiphilic 

polymers, allowing us to track these polymers via fluorescence during their cellular uptake 

process. The orthogonal end-group labelling strategy for amphiphilic polymers was designed 

based on the mechanism of reversible addition-fragmentation chain transfer (RAFT) 

polymerization.29 RAFT polymerization requires a radical initiator to start the propagation 

and a chain transfer agent to control the yielded polymers with low dispersity (Đ).30 We 

chose the azido-derivative of 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (Az-CTAP, 

Figure 1a)31 as the chain transfer reagent. Previous studies have shown that chemical 

modifications on the carboxylic acid end of CTAP do not affect its fragmentation ability 

during polymerization,32–34 allowing the orthogonal end-group functionalization on the 

polymer. Meanwhile, we synthesized the azido-derivative of 4,4’-azobis(4-cyanovaleric 

acid) (Az-ACVA, Figure 1a) as the radical initiator, ensuring that the minor products 

originated from initiator fragments during RAFT polymerization are also functionalized 

with an azido group. Next, we selected a library of methacrylate monomers to build up the 

hydrophilic moieties of the amphiphilic polymers. Structural variations in these hydrophilic 

monomers allow us to vary the surface charge of the resultant polymer. The hydrophobic 

moieties were based on pyridyl disulfide ethyl methacrylate. The library of random 

copolymers was synthesized by RAFT polymerization (Figure 1b).

The library of amphiphilic polymers includes an oligo(ethylene glycol)-based charge neutral 

polymer (PEG), a quaternary amine-based positively charged polymer (POS), a sulfonate-

based negatively charged polymer (NEG), and a phosphorylcholine-based zwitterionic 

polymer (MPC). During the cellular uptake mechanism evaluation, the surface charge 

difference is designed to provide a parametric variation to explore the interplay between 

pharmacological and genetic approaches (Figure 1c). It should be noted that we installed a 

portion of oligo(ethylene glycol)-based moieties in POS and NEG polymers to control the 

hydrodynamic diameter of the polymers within 10-nm range (Figure 1c). The size range 

allows ultimate in vivo renal clearance of these amphiphilic polymers.35 After adding 10 

mol% (vs. PDS units) of dithiothreitol to form the polymeric assemblies, the library of 

polymers is generally biocompatible at a concentration of 0.25 mg·mL−1 in HeLa cells 

(Figure 1d, S2). Next, to evaluate the cellular uptake of the amphiphilic polymers, the azido-

containing amphiphilic polymers were labelled with dibenzocyclooctyne-Cy3 (DBCO-Cy3) 

via copper-free click reaction (Figure 1e, S3~S5).36

Dynasore significantly inhibits the cellular uptake of amphiphilic polymers

After confirming that the cellular uptake of amphiphilic polymers is through active transport 

(Figure 2a),37, 38 we next investigated the effect of representative pharmacological inhibitors 

Jiang et al. Page 5

Biomacromolecules. Author manuscript; available in PMC 2020 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on the cellular uptake of amphiphilic polymers. Five inhibitors were employed to understand 

the process, i.e. endocytic pathway. Amiloride interferes macropinocytosis via inhibiting the 

Na+/H+ exchange.39 Methyl-β-cyclodextrin (MβCD) depletes plasma membrane cholesterol, 

an essential molecule for lipid raft/caveolae-mediated endocytosis.40 Chlorpromazine causes 

a loss of clathrin on cell surface, thus inhibiting clathrin-mediated endocytosis.41 Dynasore 

is traditionally known as an inhibitor for dynamins,42 a class of GTPases that play an 

important role in membrane fission during clathrin-mediated endocytosis. Additionally, 

fucoidan blocks scavenger receptor-mediated endocytosis, as negatively charged 

macromolecules can be recognized by scavenger receptors.43 The cellular uptake of 

amphiphilic polymers was compared in presence of the above inhibitors, respectively in six 

different type of mammalian cells.

Surface charge in general did not play a unique role in determining the endocytic pathway of 

amphiphilic polymers, indicating that amphiphilic polymers with different surface charge in 

our study enter cell through similar pathways (Figure 2b, Figure S6). Instead, the uptake of 

polymers was majorly affected by the choice of pharmacological inhibitors. MβCD and 

fucoidan showed negligible effect on the cellular uptake of amphiphilic polymers, indicating 

that lipid raft/caveolae- and scavenger receptor-mediated endocytosis is barely involved. 

Moderate reduction of cellular uptake was observed when treating cells with amiloride, 

indicating that macropinocytosis is contributing to the uptake of these polymers. The most 

significant reduction in cellular uptake was induced by dynasore treatment, while treatment 

with chlorpromazine caused only minor reduction in the cellular uptake of polymers. The 

screening reveals that clathrin-mediated endocytosis and macropinocytosis are majorly 

contributing to the cellular uptake of these amphiphilic polymers. The effect of dynasore on 

polymer uptake implies an important role of dynamin during endocytosis. The presence of 

fetal bovine serum (2%) did not alter the effect of dynasore during the cellular uptake of 

polymers (Figure S7). We further confirmed the effect of dynasore by its dose-dependent 

effect on the uptake of polymers (Figure 2c,e), as well as using Dyngo-4a, a more potent 

structural analog of dynasore (Figure 2d, S8).44

Cellular uptake of amphiphilic polymers did not decrease after dynamin depletion

Since the dynasore analog is traditionally known as a GTPase inhibitor that rapidly inhibits 

dynamin activity,42, 44 we were interested in exploring the role of dynamin using genetic 

approaches during the endocytosis of amphiphilic polymers. Among all the dynamin 

isoforms, dynamin-2 is ubiquitously expressed in most cell types.45 We utilized a SK-

MEL-2 cell line in which one endogenous DNM2 allele was tagged with GFP,28 correlating 

the expression of dynamin-2 to the intensity of GFP. Next, we used an siRNA for DNM2 

(siDNM2) to knock down dynamin-2 in DNM2-GFP SK-MEL-2 cells, with the control 

group that transfected with scrambled siRNA (siScram) (Figure 3a,b). Subsequently, we 

evaluated the uptake of amphiphilic polymers in these dynamin-2 deficient cells. 

Surprisingly, comparing to the control group, the uptake amount of different amphiphilic 

polymers all increased in the dynamin-2 deficient SK-MEL-2 cells (Figure 3c,d). Previous 

studies have shown that dynamin-2 knockdown in mouse embryo fibroblasts resulted in the 

accumulation of F-actin,46 possibly leading to the increase in the cellular uptake of polymers 

(further analysis on the contribution of actin is provided later in the article). Moreover, the 
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uptake of different polymers significantly decreased upon dynasore treatment in both the 

dynamin-2-deficient group and the control group. These results indicate that dynasore is not 

dominantly affecting the activity of dynamin-2, as the decrease of dynamin-2 level 

unexpectedly increased the cellular uptake of amphiphilic polymers (Figure 3, S9).

Although reducing dynamin-2 did not decrease the uptake of amphiphilic polymers, the role 

of remaining dynamin-2 and other dynamin isoforms is unknown. Thus, we evaluated the 

uptake of the polymers using dynamin triple knockout cells (Details are available in the 

Section 2.9. of the Supporting Information). Conditional dynamin triple knockout (TKO) 

mouse embryo fibroblasts46 were generated from 4-hydroxytamoxifen (OHT)-inducible Cre 

recombinase transgenic mice with floxed dynamin alleles (provided as a gift by Dr. De 

Camilli). In a previous report, all the three isoforms of dynamin (dynamin-1, -2, -3) were 

confirmed to be depleted with OHT treatment.47 Similar to the dynamin-2-deficient cells, 

the cellular uptake of amphiphilic polymers increased in dynamin-depleted cells (Figure 4a), 

indicating that all the isoforms of dynamin are not contributing to the uptake of amphiphilic 

polymers. Moreover, treatment cells with dynasore, amiloride, or ATP-depletion conditions 

respectively caused similar effect on the uptake of polymers regardless of the presence of 

cellular dynamins (Figure 4b,c, S10), confirming that dynamin is not an influential factor 

during the cellular uptake of amphiphilic polymers. So far, the results from genetic approach 

do not support the results from the pharmacological approach, i.e. dynasore treatment.

Off-target effects of dynasore on the cellular uptake of amphiphilic polymers

The results on dynamin activity from pharmacological and genetic approaches suggests 

possible off-target effects of dynasore. Revisiting the pharmacological approach for dynamin 

will be helpful to elucidate the role of dynamin during the endocytosis of amphiphilic 

polymers. Dynamin inhibitors have been developed to target a different active site or domain 

of the protein (Figure 5a). For example, both MiTMAB and OcTMAB target at the 

pleckstrin homology domain of dynamins.48 The Dynole analog bind with an allosteric site 

of the GTPase domain.49 We compared the cellular uptake of polymers in presence of 

OcTMAB or Dynole 34–2 (Figure 5b). However, their level of uptake suppression is not 

comparable to the effect of the dynasore analogs. Till now, we can confirm that dynamin is 

not as significantly involved as dynasore-treatment indicated during the endocytosis of 

amphiphilic polymers. Therefore, the dynasore analogs may have caused such significant 

decrease in the polymer uptake through its off-target effects on other cellular components.

Based on reported off-target effects of dynasore on cellular components,50 we inspected 

each of these off-target effects by using another pharmacological inhibitor that targets the 

same cellular component (Figure 5a). Dynasore also affects the activity of mitochondrial 

dynamins42 and vacuolar-type H+-ATPase (V-ATPase).51, 52 Mdivi-1 is a cell permeable 

inhibitor for mitochondrial dynamin related protein 1, a GTPase that regulates mitochondrial 

fission.53 Bafilomycin A1 is a specific inhibitor for V-ATPase activity.54 However, the 

treatment using either Mdivi-1 or bafilomycin A1 hardly reduced the cellular uptake of 

polymers (Figure 5b,c). Meanwhile, the side effect of dynasore is also reported to be related 

to reduced cellular cholesterol level and the dispersal of lipid raft.50 From our previous 

results with MβCD-treatment for the uptake of four polymers in six different cell types 
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(Figure 2b, S6), the involvement of cell membrane cholesterol was shown to be minimal 

during the endocytosis of amphiphilic polymers. Treatment with nystatin, another 

cholesterol sequestering agent,55 caused ~10–15% decrease for the cellular uptake of 

polymers (Figure 5d). The difference between MβCD- and nystatin-treatment could 

potentially be attributed to their different mechanisms of action, i.e. nystatin causes pore 

formation in lipid-based membranes (such as cell membrane) while MβCD does not.56

Actin and clathrin proteins are involved in the cellular uptake of amphiphilic polymers

The other major off-target effect of dynasore is related to the regulation of actin 

cytoskeleton, including cell shrinkage and suppression on lamellipodia formation.46, 47, 57 

Therefore, we employed a series of cytoskeletal drugs to screen their effect on the 

endocytosis of amphiphilic polymers. The cellular uptake of amphiphilic polymers was 

barely affected after the treatment of nocodazole (Figure 5e), an agent that disrupts cellular 

microtubules.58 Next, the effect of actin polymerization inhibitors was evaluated on the 

cellular uptake of amphiphilic polymers. Cytochalasin59 and latrunculin60 analogs are 

representative agents that interfere actin polymerization. During the actin polymerization 

process, the globular actin monomers (G-actins) assemble into actin filaments (F-actin). 

Cytochalasin interferes the process by binding to the end of F-actin, preventing further 

addition of G-actin onto F-actin.59 Latrunculin interrupts the process by irreversibly binding 

with G-actin, preventing G-actin from polymerization.61

In the cytochalasin analog, cytochalasin D62 exhibited a universal ~20% inhibition on the 

cellular uptake of all polymers (Figure 5g). In the latrunculin analog, as a stronger actin 

binding agent (Figure 5j),63 latrunculin A exhibited ~50% inhibition on the cellular uptake 

of all polymers (Figure 5h,k). In each analog, the weaker derivative (cytochalasin B and 16-

epi-latrunculin B) did not affect the endocytosis of polymers bearing surface charge (Figure 

5f,i). The inhibition results from cytoskeletal drugs confirms the involvement of actin during 

the endocytosis of amphiphilic polymers. Considering the reported side effect of dynasore 

on the actin of dynamin-triple knockout cells, including suppressing lamellipodia formation 

and stalling membrane ruffling,47 it is reasonable to conclude that a major part of the off-

target effects from dynasore was interfering the actin activity, thus reducing the cellular 

uptake of amphiphilic polymers.

The role of actin during polymer endocytosis was further evaluated by using genistein, an 

inhibitor for tyrosine kinase. The inhibition of genistein-sensitive tyrosine kinase has been 

reported to inhibit actin polymerization.64 As expected, genistein-treatment inhibited more 

than 60% cellular uptake of PEG and POS. Meanwhile, the uptake of NEG and MPC was 

reduced by ~50% for NEG and ~40% for MPC after treating HeLa cells with 100 μM 

genistein (Figure 6a). The inhibition from genistein on the cellular uptake of PEG and POS 
was relatively higher than the effect of actin inhibitors, indicating that genistein may have 

affected other cellular components other than actin. In fact, genistein also interferes other 

processes that are dependent on tyrosine phosphorylation, such as the recruitment of scaffold 

proteins (e.g. epidermal growth factor receptor) into clathrin-coated pits.65 To further 

understand this process, we evaluated the cellular uptake of amphiphilic polymers after 

treating cells with Pitstop 2, an inhibitor that interferes the terminal domain function of 
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clathrin and stalls the dynamics of clathrin-coated pits.66 After Pitstop-2 treatment, about 

40~50% inhibition of uptake was observed from PEG and POS, with ~20% inhibition on 

the uptake of MPC (Figure 6b). The uptake of NEG was not significantly affected by 

Pitstop-2 treatment, agreeing with the result from chlorpromazine treatment. The result 

suggests that the anionic polymers within our tested library is primarily endocytosed through 

macropinocytosis, with less contributions from the clathrin-mediated pathway than other 

polymers. Overall, actin and clathrin proteins are majorly involved during the cellular uptake 

of amphiphilic polymers.

Cellular uptake of amphiphilic polymers is majorly through macropinocytosis and clathrin-
mediated endocytosis

The results so far suggest that the endocytosis of amphiphilic polymers with different 

surface charge is majorly contributed by micropinocytosis, with the involvement of the 

clathrin-mediated endocytosis for cationic and charge-neutral polymers (Figure 7). Although 

dynasore showed a dominant inhibition for the cellular uptake of amphiphilic polymers, the 

uptake of polymers was either increased or not affected when cellular dynamin was 

deficient. Meanwhile, other dynamin inhibitors with different mechanism of action did not 

affect the cellular uptake of polymers. Combining with the reported off-target effects of 

dynasore50 and its binding capability with detergents,44 we infer that the nearly diminished 

polymer uptake was not because of the inhibition on dynamin activity. During clathrin-

mediated endocytosis, it is generally believed that dynamin is a scission protein during the 

formation of endocytic vesicles. However, when the forming endocytic vesicles separate 

from the cell membrane, other scission proteins (such as BAR proteins) are also involved in 

the process,67 although the exact contribution of these proteins is not clear. In addition, the 

pulling force produced by actin polymerization facilitates the membrane fission in 

cooperation with the BAR proteins (e.g. endophilin 2).46, 67 These components could 

possibly contribute to the increased cellular uptake of polymers that we observed in 

dynamin-deficient cells. Moreover, we have shown that actin is highly involved in the 

endocytosis of amphiphilic polymers by screening a series of pharmacological inhibitors 

(Figure 5,6). Considering that macropinocytosis is an actin-driven process,68 we infer that 

actin is an essential protein for the endocytosis of amphiphilic polymers rather than dynamin 

(Figure 7). The cellular uptake increase of polymers in dynamin-deficient cells can be 

potentially attributed to the F-actin accumulation at clathrin-coated pits that was previously 

observed in dynamin-deficient cells.46 As a result, macropinocytosis and clathrin-mediated 

endocytosis are two complementary processes that contribute to the uptake of amphiphilic 

polymers.

We summarized a series of recent reports regarding the effect of surface charge on the 

cellular entry of functional materials (Table S2). However, no general rules have been 

reached so far.6, 69 Several factors have to be taken into account for the interaction between 

materials and biological systems, including the size, shape, surface area, roughness, porosity, 

functional groups, crystallinity, etc. of materials.4 Surface charge indeed plays a role during 

the cellular uptake of functional materials. For example, in the current study, although 

sharing similar endocytic pathways, amphiphilic polymers with different surface charge 

exhibited different extent of cellular uptake (Figure S5). The effect of structural variations 
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on the cellular uptake of polymers is currently under investigations in our ongoing studies. 

Nonetheless, the methodological interplay on cellular uptake indeed ruled out possible 

misinterpretations such as the contribution of dynamins indicated by dynasore-treatment.

Conclusions

In summary, we have demonstrated an orthogonal end-group labeling strategy for 

amphiphilic polymers and evaluated the cellular uptake of amphiphilic polymers through the 

interplay of pharmacological and genetic approaches. The labelling strategy is applicable to 

synthetic polymers constructed through RAFT polymerization, ensuring the conjugation of 

one fluorophore on each polymer chain through click chemistry and allowing the 

investigation of their cellular uptake through simply tracking the tagged fluorophore. 

Moreover, our orthogonal labelling strategy presents a straightforward method to 

functionalize the end-group of polymer chains beyond fluorophore labeling, such as 

conjugation of organelle-targeting moieties or functional biomacromolecules. In a broader 

context, the robust end-group functionalization on polymers provides a versatile scaffold for 

the construction of precisely controlled supramolecular systems.

Next, the cellular uptake evaluation of these orthogonally labelled amphiphilic polymers 

leads to disagreement between pharmacological and genetic approaches regarding dynamin, 

an important protein involved in clathrin-mediated endocytosis. In detail, the cellular uptake 

of amphiphilic polymers was significantly reduced upon the treatment of dynasore, a potent 

dynamin inhibitor. However, the entry of amphiphilic polymers was upregulated in dynamin-

deficient cells. The conflicting outcome between two approaches suggests the necessity of 

methodological interplay for probing the cellular uptake mechanism of materials of interest. 

The methodological interplay minimized the misinterpretation that can be generated by one 

methodology alone, revealing the role of actin rather than dynamin during the endocytosis of 

amphiphilic polymers. Our study reveals the importance of interplaying pharmacological 

and genetic approaches for the evaluation of cellular uptake mechanism, providing insights 

on elucidating the cellular uptake of next-generation therapeutics.
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Figure 1. 
(a) Chemical structure of the azido-derivative of chain transfer agent (Az-CTPA) and radical 

initiator (Az-ACVA) for RAFT polymerization. (b) Synthetic scheme and characterization of 

the amphiphilic polymer library. (c) Zeta potential and hydrodynamic diameter of the 

amphiphilic polymers. N = 3. The amphiphilic polymers were formulated with 10 mol% (vs. 

PDS units) of dithiothreitol to form the polymeric assemblies. (d) HeLa cell viability 

evaluation with amphiphilic polymers at different dosage. N = 4. In each figure, error bars 

represent the standard deviation of replicates. (e) Synthetic scheme of the orthogonal end-

group labeling strategy for amphiphilic polymers.
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Figure 2. 
(a) Cellular uptake efficiency of amphiphilic polymers after 3 hours in HeLa cells at low 

temperature and ATP depletion conditions (NaN3/2-DG treatment). N = 4. 2-DG, 2-deoxy-

D-glucose. (b) Cellular uptake efficiency of amphiphilic polymers after 3 hours in the 

presence of pharmacological inhibitors. The evaluation was performed in six different types 

of cell: HeLa, RAW264.7, HepG2, HUVEC, SK-MEL-2, and MEF. Each data was collected 

from the mean value of four replicates. AMI, amiloride. MβCD, methyl-β-cyclodextrin. 

CPZ, chlorpromazine. DYN, dynasore. FCD, fucoidan. (c) Cellular uptake efficiency of 

amphiphilic polymers after 3 hours in HeLa cells upon the treatment of different dynasore 

dosage. N = 4. (d) Comparison of dynasore and Dyngo-4a on the cellular uptake efficiency 

of amphiphilic polymers in HeLa cells. N = 4. (e) Confocal microscopic images of Cy3-
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labelled amphiphilic polymers in RAW264.7 cells with or without the presence of dynasore. 

The scale bar in each figure represents 20 μm. In each figure, error bars represent the 

standard deviation of replicates.
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Figure 3. 
(a) Representative histogram plot of green fluorescent protein (GFP) fluorescence intensity 

for DNM2-GFP SK-MEL-2 cells. Cells were treated with either scrambled siRNA or siRNA 

of dynamin-2 for 72 hours, with or without the subsequent treatment using dynasore. (b) 

Relative level of DNM2-GFP expression in SK-MEL-2 cells. The GFP intensity of 

scrambled siRNA-treated cells without subsequent dynasore treatment was normalized as 

100%. N = 16. (c) Representative flow cytometry dot plots with GFP representing 

dynamin-2 expression on the x axis and Cy3 representing the cellular uptake of amphiphilic 

polymers on the y axis. A representative dataset from PEG was used as an example. (d) 

Cellular uptake efficiency of amphiphilic polymers after 3 hours in SK-MEL-2 cells. The 

cellular uptake intensity of polymers (Cy3 intensity) in scrambled siRNA-treated cells 
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without subsequent dynasore treatment was normalized as 100%. N = 4. In each figure, error 

bars represent the standard deviation of replicates.
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Figure 4. 
(a) Cellular uptake efficiency of amphiphilic polymers after 3 hours in dynamin triple 

knockout mouse embryo fibroblasts (MEF TKO). The cellular uptake intensity of polymers 

(Cy3 intensity) in wild-type mouse embryo fibroblasts (MEF) were normalized as 100%. N 
= 4. (b) Cellular uptake efficiency of amphiphilic polymers after 3 hours in wild-type mouse 

embryo fibroblasts in the presence of dynasore. N = 4. (c) Cellular uptake efficiency of 

amphiphilic polymers after 3 hours in dynamin triple knockout mouse embryo fibroblasts in 

the presence of dynasore. N = 4. In each figure, error bars represent the standard deviation of 

replicates.
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Figure 5. 
(a) Workflow for screening the off-target effects of dynasore (DYN) on the cellular uptake of 

amphiphilic polymers. Baf A1, bafilomycin A1. Cyt D, cytochalasin D. Lat A, latrunculin A. 

OcTMAB, octadecyltrimethylammonium bromide. (b) Cellular uptake efficiency of 

amphiphilic polymers in HeLa cells in the presence of dynamin inhibitors, including 

OcTMAB, Dynole 34–2, and a mitochondrial dynamin inhibitor, Mdivi-1. (c) Cellular 

uptake efficiency of amphiphilic polymers after 3 hours in HeLa cells in the presence of 

bafilomycin A1, an inhibitor for vacuolar-type H+-ATPase. N = 4. (d) Cellular uptake 

efficiency of amphiphilic polymers after 3 hours in HeLa cells in the presence of nystatin, a 

cholesterol-sequestration agent. N = 4. (e) Cellular uptake efficiency of amphiphilic 

polymers after 3 hours in HeLa cells in the presence of nocodazole, a microtubule-disruption 
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agent. (f~i) Cellular uptake efficiency of amphiphilic polymers after 30 minutes in HeLa 

cells in the presence of actin inhibitors, including (f) cytochalasin B, (g) cytochalasin D, (h) 

latrunculin A, (i) 16-epi-latrunculin B. N = 4. In each figure, error bars represent the 

standard deviation of replicates. (j) Actin filament staining in RAW264.7 cells before and 

after latrunculin A treatment. Treated RAW264.7 cells were fixed and stained with 

phalloidin-iFluor 488 reagent. (k) Confocal microscopic images of Cy3-labelled amphiphilic 

polymers in RAW264.7 cells with or without the presence of latrunculin A. The scale bar in 

each figure represents 20 μm. In each figure, error bars represent the standard deviation of 

replicates.

Jiang et al. Page 22

Biomacromolecules. Author manuscript; available in PMC 2020 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
(a) Cellular uptake efficiency of amphiphilic polymers after 3 hours in HeLa cells in the 

presence of genistein, an inhibitor for tyrosine kinase. N = 4. (b) Cellular uptake efficiency 

of amphiphilic polymers after 3 hours in HeLa cells in the presence of Pitstop 2, a cell-

permeable clathrin inhibitor. N = 4. In each figure, error bars represent the standard 

deviation of replicates. (c) Confocal microscopic images of Cy3-labelled amphiphilic 

polymers in RAW264.7 cells with or without the presence of 100 μM genistein. The scale 

bar in each figure represents 20 μm.
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Figure 7. 
Model for the cellular uptake process of amphiphilic polymers.
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