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Background: Polymeric nanoparticles allow to selectively transport chemotherapeutic drugs 

to the tumor tissue. These nanocarriers have to be taken up into the cells to release the drug. 

In addition, tumors often show pathological metabolic characteristics (hypoxia and acidosis) 

which might affect the polymer endocytosis.

Materials and methods: Six different N-(2-hydroxypropyl)methacrylamide (HPMA)-based 

polymer structures (homopolymer as well as random and block copolymers with lauryl methacry-

late containing hydrophobic side chains) varying in molecular weight and size were analyzed in 

two different tumor models. The cellular uptake of fluorescence-labeled polymers was measured 

under hypoxic (pO
2
 ≈1.5 mmHg) and acidic (pH 6.6) conditions. By using specific inhibitors, 

different endocytotic routes (macropinocytosis and clathrin-mediated, dynamin-dependent, 

cholesterol-dependent endocytosis) were analyzed separately.

Results: The current results revealed that the polymer uptake depends on the molecu-

lar structure, molecular weight and tumor line used. In AT1 cells, the uptake of random 

copolymer was five times stronger than the homopolymer, whereas in Walker-256 cells, 

the uptake of all polymers was much stronger, but this was independent of the molecular 

structure and size. Acidosis increased the uptake of random copolymer in AT1 cells but 

reduced the intracellular accumulation of homopolymer and block copolymer. Hypoxia 

reduced the uptake of all polymers in Walker-256 cells. Hydrophilic polymers (homopo-

lymer and block copolymer) were taken up by all endocytotic routes studied, whereas the 

more lipophilic random copolymer seemed to be taken up preferentially by cholesterol- and 

dynamin-dependent endocytosis.

Conclusion: The study indicates that numerous parameters of the polymer (structure, size) and 

of the tumor (perfusion, vascular permeability, pH, pO
2
) modulate drug delivery, which makes 

it difficult to select the appropriate polymer for the individual patient.

Keywords: HPMA–LMA copolymers, endocytosis, tumor microenvironment, tumor lines, 

structure–property relationship

Introduction
Nanoscale drug carriers are a promising approach to transport chemotherapeutic agents 

specifically to the tumor tissue and to protect normal tissues from toxic side effects. 

In this study, the enhanced vascular permeability of the tumor vasculature is utilized, 

which allows large molecular structures (.40 kDa) to leave the bloodstream and 

to accumulate in the tumor tissue.1 Various chemical structures have been suggested 

to serve as carriers: liposomes, nanocapsules or polymers.2 However, in liposomes 
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or nanocapsules, the chemotherapeutics are dissolved in the 

liquid core of the structure; in polymer–drug-conjugated 

nanoparticles, the drug is directly bound to the polymer 

backbone. Liposomes or nanocapsules can deliver the drug 

to the cells by extracellular decomposition of the enveloping 

structure, by fusion with the cell membrane or by endocytosis. 

With polymeric nanoparticles, the drug is mostly cleaved 

enzymatically. Therefore, polymer carriers have to be taken 

up into the cells by endocytosis.2 Besides phagocytosis, sev-

eral endocytotic routes have been described for the uptake of 

free (water soluble) molecules or membrane receptor-bound 

compounds.2–4 Macropinocytosis is a process for direct drug 

uptake from the fluid phase during which actin-driven mem-

brane protrusions form a vesicle, which is then incorporated 

into the cell (macropinosome). During clathrin-mediated 

endocytosis (CME), intracellular clathrin molecules form a 

network around a membrane invagination. Afterward, the 

membrane scission protein dynamin (a guanosine triphos-

phate hydrolase [GTPase]) unhitches the clathrin-coated pit 

from the cell membrane. A clathrin-independent mechanism 

is the caveolae-mediated endocytosis, which is cholesterol-

dependent requiring cholesterol-rich microdomains (rafts) in 

the cell membrane associated with caveolin-1 to form caveo-

lar vesicles. In this process, the detachment of the vesicle 

from the cell membrane probably also requires dynamin.2,3,5 

But cholesterol is also essential for CME.6

Suitable chemical structures for the design of polymer 

nanoparticles should be nontoxic, nonimmunogenic and 

degradable. One promising compound fulfilling these 

requirements is poly-N-(2-hydroxypropyl)methacrylamide 

(p[HPMA]) polymers that have been already tested in pre-

clinical as well as clinical studies.7–9 Further development 

of these hydrophilic N-(2-hydroxypropyl)methacrylamide 

(HPMA) homopolymers led to the design of copolymers 

containing lipophilic lauryl methacrylate (LMA) segments 

within the HPMA backbone. These HPMA–LMA copo-

lymers (p(HPMA)-co-p(LMA) and p(HPMA)-b-p(LMA) 

copolymers) have been shown to improve the drug transport 

through the blood–brain barrier.10,11 The lipophilic segments 

orientate themselves in the core, whereas the hydrophilic 

HPMA segments are located in the shell. Depending on 

the chemical structure of these molecules and on the ratio 

of lipophilic LMA segments in the HPMA backbone, the 

HPMA–LMA copolymers form self-assembled structures 

in which several polymer chains are aggregated (micellar 

superstructures). In random p(HPMA)-co-p(LMA) copoly-

mers, most of the LMA elements are oriented in the core; 

however, numerous lipophilic segments are also located on 

the surface of the polymer nanoparticle.10–13 The p(HPMA)-

b-p(LMA) block copolymers, which are synthesized from 

HPMA and HPMA–LMA oligomers (blocks), show a strict 

lipophilic core and a hydrophilic surface.11,12,14,15 It was found 

that homopolymers and random and block copolymers show 

profoundly different biological behavior in vivo.13–16 On the 

macroscopic scale, homopolymer and block copolymers 

accumulated preferentially in the spleen and liver, whereas 

the random copolymer stayed more pronounced in the blood. 

When analyzing the overall accumulation in solid-growing 

AT1 prostate and Walker-256 mammary carcinomas, the 

intratumoral concentration of the random copolymer was 

more than twice the level of the homopolymer or the block 

copolymer. However, in these studies,14,15 only the whole 

tissue concentration was measured, and it could not be dif-

ferentiated whether the polymers entered the cells or stayed 

in the extracellular space. For this reason, the cellular uptake 

in these two cell lines was analyzed in the current study.

Finally, it is well known that the metabolic microenviron-

ment of tumors is profoundly different from that in normal 

tissues. Many tumors show hypoxic/anoxic regions, and the 

glycolytic metabolism is intensified leading to a marked 

extracellular acidosis with pH values down to 6.17,18 It has 

been shown that hypoxia can decelerate different routes of 

endocytosis (CME and clathrin-independent endocytosis) 

mostly via the key regulator hypoxia-inducible factor 

(HIF).19–21 An acidic extracellular environment has also 

been described to modulate endocytosis/phagocytosis in 

macrophages.22–24 On the other hand, studies revealed that 

the chemical structure of polymers may also play a role 

for their endocytotic uptake. Liu et al25 demonstrated that 

HPMA-based polymers containing alkaline side chains, eg, 

2-(N,N-dimethylamino) ethyl methacrylate (positive ζ poten-

tial), were taken up by cells much stronger than polymers 

containing acidic adducts, eg, methacrylic acid (negative ζ 

potential). This mechanism could be of importance in par-

ticular in an acidic extracellular environment. But it remains 

unclear whether the extracellular pH is also important for the 

uptake of polymers containing lipophilic segments such as 

in the HPMA–LMA copolymers studied.

Hypoxia (as a common phenomenon in solid tumors) can 

limit the ATP yield in the tumor cell, which is the essential 

energy source for active uptake processes. On the other 

hand, extracellular acidosis could affect the interaction of 

the polymer with the cell membrane (eg, by changing the 

surface charge of the molecule). For these reasons, the aim 

of the current study was to analyze the impact of hypoxia 

and extracellular acidosis (which are common characteristics 
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of solid-growing tumors) on the uptake of HPMA-based 

polymer nanoparticles in tumor cells. Therefore, fluorescent 

HPMA homopolymers as well as random p(HPMA)-co-

p(LMA) and p(HPMA)-b-p(LMA) block copolymers with 

low and high molecular weight were synthetized, and the 

polymer uptake was measured in two different cancer cell 

lines (AT1 and Walker-256 cells), which have already been 

studied as solid tumors in vivo.15,16 With these models, it 

was studied whether extracellular acidosis with pH 6.6 or 

hypoxic conditions (pO
2
 ≈1.5 mmHg) affects the uptake of 

the different HPMA-based polymers. Finally, to analyze the 

different endocytotic routes of polymer uptake, inhibitors 

of specific mechanisms were used to distinguish between 

macropinocytosis and clathrin-mediated, dynamin-dependent 

and cholesterol-dependent endocytosis.

Materials and methods
Materials
All chemicals were of analytical grade and obtained from Sigma- 

Aldrich Co. (St Louis, MO, USA) and Acros Organics 

(Thermo Fisher Scientific, Waltham, MA, USA).

Polymer synthesis
The synthesis of HPMA homopolymers as well as 

p(HPMA)-co-p(LMA) and p(HPMA)-b-p(LMA) copolymers 

(Scheme 1) has been described previously together with 

the characteristics of the polymers, which is summarized in 

Table 1.14,15 Hydrodynamic radii were determined by fluo-

rescence correlation spectroscopy using a commercial setup 

(Carl Zeiss Microscopy GmbH, Oberkochen, Germany). To 

ensure the comparability with the biological situation (cell 

culture and in vivo), polymers were dissolved in isotonic 

saline for FCS measurements.

The polymers were labeled with Oregon Green-480 

(excitation 485 nm, emission 532 nm). This fluorochrome 

has the advantage that its fluorescent is not pH dependent, 

which is essential for experiments, in which the extracellular 

pH was varied.

Tumor models
All studies were performed with two tumor cell lines of the 

rat: 1) Walker-256 mammary carcinoma (#CCL-38, American 

Type Culture Collection [ATCC], Manassas, VA, USA) and 

2) subline AT1 of the Dunning prostate carcinoma R3327 

(#500121, CLS Cell Lines Service GmbH, Eppelheim, Ger-

many). Both cell lines were grown in culture in RPMI medium 

supplemented with 10% fetal calf serum (FCS) and with 10 mM 

l-glutamine for Walker-256 cells at 37°C under a humidified 

5% CO
2
 atmosphere and sub-cultivated twice per week.

Cellular uptake of polymers
For the cellular uptake studies, 106 cells were transferred 

to buffered Ringer’s solution. Polymers were dissolved 

in dimethyl sulfoxide (DMSO), then diluted in Ringer’s 

solution and added to the cell suspension leading to a final 

polymer concentration of 20 µg/mL. Cells were incubated 

with the polymer for 2 h at either 4°C or 37°C (experi-

ments with different time points for the analysis of the time 

course of polymer uptake are shown in Figures S1 and S2). 

After this period, cells were washed with PBS and lysated 

with 0.1% Triton X-100 solution containing 20 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer (pH 7.4). 

Oregon Green-480 fluorescence was determined in a plate 

reader (Infinite M200, Tecan, Männedorf, Switzerland). 

Measurements at 4°C were used to assess the amount of 

polymer which has been bound to the plasma membrane 

but not internalized.26 The actively accumulated amount 

of the polymer was calculated from the difference of the 

measurements at 37°C and 4°C using a calibration curve of 

the respective polymer. In addition, the protein content of 

each sample was assessed (bicinchoninic acid assay [BCA] 

method) to calculate the number of cells in each well which 

allowed to estimate the active polymer uptake per cell.

Impact of environmental parameters on 
polymer uptake
To assess the impact of the extracellular pH on the polymer 

uptake under normoxic conditions (with room air), the 

Ringer’s solution for polymer incubation was either 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffered (pH 7.4) or 2-(N-morpholino)ethanesulfonic acid 

(MES) buffered (pH 6.6). For experiments under hypoxic 

conditions, Ringer’s solutions and the cell-containing 24-well 

plates were placed in a hypoxia chamber (InvivO
2
 400; Baker 

Ruskinn, Sanford, ME, USA) at a O
2
 fraction of 0.2% 

(pO
2
 ≈1.5 mmHg) for the time of polymer incubation.

Scheme 1 Chemical structure of (A) the p(HPMA) homopolymers and (B) the 
p(HPMA)-co-p(LMA) copolymers used.
Abbreviations: HPMA, N-(2-hydroxypropyl)methacrylamide; LMA, lauryl meth
acrylate.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5574

Gündel et al

Different routes of endocytosis for 
polymer uptake
To separate different endocytotic routes, cells were incubated 

(additional to the polymer) with inhibitors of specific mecha-

nisms. Macropinocytosis was blocked by rottlerin, an inhibitor 

of the protein kinase C (PKC) δ (10 µM), dynamin-dependent 

processes were inhibited by dynasore (100 µM) and clathrin-

dependent endocytosis was blocked by chlorpromazine 

(50 µM). Cholesterol-dependent endocytosis was inhibited 

by cholesterol depletion with nystatin (30 µM).3,27,28

To study the pH and pO
2
 dependencies of these differ-

ent endocytotic routes, typical substrates of the respective 

transport mechanisms have been used. Macropinocytosis 

was measured by the uptake of 70 kDa dextran (1 mg/mL), 

CME was assessed by the substrate transferrin (25 µg/mL) 

and cholesterol-dependent endocytosis by cholera toxin ß 

(2 µg/mL).29,30 These markers were labeled with the fluoro-

phore Oregon Green-488. For these experiments, cells were 

incubated with the markers for 3 h, and the cellular uptake 

was assessed by flow cytometry (LSR Fortessa; BD Biosci-

ences, San Jose, CA, USA).

Statistical analysis
Results are expressed as mean ± standard error of the mean 

(SEM). Differences between groups were assessed by the 

two-tailed Wilcoxon test for paired samples and by multi-

factorial ANOVA. The significance level was set at α=5% 

for all comparisons.

Results and discussion
Uptake of HPMA-based polymers by 
tumor cells
Previous studies analyzing the body distribution of the 

HPMA-based polymers in vivo using 18F-labeled molecules 

and positron emission tomography (PET) imaging revealed 

pronounced differences of tumor accumulation depending 

on the molecular structure and size as well as on the tumor 

entity.14,15 Comparing the two cell lines, the cellular uptake 

on the microscopic scale showed even stronger differences 

(Figure 1). In AT1 cells, the uptake was more than 10 times 

lower than that in Walker-256 cells, whereas in vivo the 

overall tumor tissue accumulation was more or less com-

parable in both tumor models. In AT1 cells, pronounced 

Table 1 Analytical data of HPMA homopolymers as well as of random p(HPMA)-co-p(LMA) copolymer and p(HPMA)-co-p(LMA) block 
copolymers with low and high molecular weight, respectively14,15

Polymeric structure Monomer ratio (%) Mn (g/mol) Mw (g/mol) Đa Rh (nm)b

Homopolymer 100c 9,000d 12,000d 1.29 1.1
Homopolymer 100c 52,000d 77,000d 1.49 3.0
Random copolymer 82:18c 11,000d 14,000d 1.26 33.4
Random copolymer 75:25c 39,000d 55,000d 1.41 39.9
Block copolymer 79:21c 9,000d 12,000d 1.24 58.7
Block copolymer 75:25c 17,000d 21,000d 1.24 112.8

Notes: aDispersity (polydispersity index) determined by GPC in THF as solvent. bHydrodynamic radii were determined in isotonic saline by fluorescence correlation 
spectroscopy. cMonomer ratio determined by 1H NMR spectroscopy after a polymer analogous reaction with 2-hydroxypropylamine. dCalculated from the molecular weights 
of the reactive ester polymer precursors as determined by GPC in THF as solvent.
Abbreviations: GPC, gel permeation chromatography; HPMA, N-(2-hydroxypropyl)methacrylamide; LMA, lauryl methacrylate; NMR, nuclear magnetic resonance; THF, 
tetrahydrofuran.

Figure 1 Cellular uptake of the polymers (homopolymer and random and block copolymers with low and high MW, respectively) in (A) AT1 prostate carcinoma cells and 
(B) Walker-256 mammary carcinoma cells after 2 h.
Notes: n=6–9, *P,0.05, **P,0.01.
Abbreviation: MW, molecular weight.
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differences between the different polymer structures were 

seen with the random copolymer, where the uptake of random 

copolymer was much stronger than homopolymer or block 

copolymer (Figure 1A). In addition, for both copolymers, the 

uptake of large molecules was significantly stronger than the 

low-molecular-weight counterpart. For Walker-256 cells, 

the cellular polymer uptake was almost independent of the 

molecular structure and the polymer size (Figure 1B). These 

results indicate no direct correlation between molecular 

weight and hydrodynamic radius with cellular uptake even 

though an impact of the particle size cannot be excluded. In 

vivo, the accumulation in Walker-256 tumors showed marked 

differences between the various polymers, whereas the 

accumulation in AT1 tumors was more or less independent 

of the molecular structure and size.14,15 The question arises 

whether the incubation interval of 2 h is suitable to study 

endocytosis since it is known that endocytotic processes 

can occur more rapidly. However, the advantage of using 

polymer drug carriers is the long biological half-life result-

ing in a constantly high blood level and long-lasting tumor 

uptake. The time course of polymer accumulation showed 

that the cellular uptake had reached a steady-state level not 

earlier than after 2 h (Figures S1 and S2). For this reason, 

the interval of 2 h reflected the steady-state conditions of 

the in vivo situation.

To study the impact of an acidic extracellular environ-

ment, cells were exposed acutely to a pH of 6.6. Compared 

to control conditions (pH 7.4), the polymer uptake was 

markedly altered (Figure 2). The uptake of homopolymer and 

block copolymer was reduced by ~50% in both cell lines. This 

effect was independent of the molecular size of the polymer. 

However, due to the variability in homopolymer uptake in 

the control group, the acidosis-induced reduction was not 

statistically significant. In contrast, the uptake of random 

copolymer was significantly stronger in AT1 cells by a factor 

of 3–4. In Walker-256 cells in which the uptake under control 

conditions was much higher as compared to AT1 cells, the 

acidic condition had almost no impact and was independent 

of the molecular weight of the polymer (Figure 2). It has 

to be discussed whether the acidosis-induced changes of 

polymer uptake might be the result of alterations in surface 

charge of the polymer. Due to the molecular structure, the 

HPMA polymers used are slightly negatively charged. It has 

been shown that the ζ potential of polymers plays a role for 

their cellular uptake.25 In an acidic environment, the negative 

surface charge will be reduced, which then may alter endocy-

tosis. However, Figure 2 shows that the uptake increased in 

random copolymer, whereas it reduced in homopolymer and 

block copolymer, which also had slightly negatively surface 

charge. These results may indicate that the uptake changes 

found (Figure 2) are not solely the result of a change in 

the ζ potential.

In contrast, exposing AT1 cells to hypoxia had only 

minor effect on the polymer uptake (Figure 3). Even 

though the uptake increased in large random copolymers 

as well as in small block copolymers, the individual 

Figure 2 Impact of extracellular acidosis (pH 6.6) on the cellular uptake of the polymers (homopolymer and random and block copolymers with low and high MW, 
respectively) in AT1 and Walker-256 cells.
Notes: Values are normalized to control conditions (pH 7.4). n=6–12, *P,0.05, **P,0.01.
Abbreviations: MW, molecular weight; nd, not detectable.
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measurements varied considerably leading to nonsignificant 

results. However, acute hypoxia had a strong effect in 

Walker-256 cells in which the uptake was significantly reduced 

by 80%–90%.

These results clearly indicate that the cellular uptake of 

nanoscale drug carriers is affected by the metabolic microen-

vironment in tumors, namely, the hypoxic and acidic milieu 

which both are common features of human tumors.18 However, 

the impact, especially of hypoxia, was cell line dependent 

showing a strong reduction in Walker-256 cells, whereas in 

AT1 cells no significant changes were seen. In many cases, the 

uptake was markedly reduced independently of the molecular 

structure of the polymer, its molecular weight or the tumor 

cell line investigated. Studies with gold nanoparticles showed 

that exposing tumor cells to hypoxia for 18 h increased the 

cellular uptake.31 This long-term hypoxia probably changes 

gene expression, which may impact the drug transport. In the 

current study, cells were exposed to hypoxia only for 2 h thus 

temporal changes in the ATP yield but no changes in gene 

expression can occur in this experiment.

Previous studies with the same tumor line also showed 

that incubation for 3–6  h at these adverse environmental 

conditions did not induce apoptotic or necrotic cell death32 

so that the observed differences in polymer uptake cannot be 

attributed to altered cell viability. The current results indi-

cate that the metabolic micromilieu of tumor may modulate 

(increase or decrease) the efficacy of HPMA-based drug 

carriers for chemotherapy.

Impact of extracellular acidosis and 
hypoxia on different endocytotic routes
Figure 4 shows the dependency of different endocytotic 

routes on the extracellular pH. The macropinocytotic path-

way has been analyzed by measuring the uptake of 70 kDa 

dextran, which is a marker for the endocytosis from the fluid 

phase.33 The absolute baseline dextran uptake at pH 7.4 was cell 

line dependent. In AT1 cells, it was 3.0±0.1 times higher than 

in Walker-256 cells. With decreasing pH, the dextran uptake 

changed but in a cell line-dependent manner. In AT1 cells, 

macropinocytosis decreased from pH 7.4 to 6.2 by ~70%, 

whereas in Walker-256 cells the uptake at pH 6.2 was 2.4 times 

higher as compared to control conditions at pH 7.4 (Figure 4A; 

values shown are normalized to the control condition at pH 

7.4). Obviously, both cell lines reacted differently on the 

change of the extracellular pH. The reason for this fundamen-

tally different behavior is currently not fully understood.

The cellular uptake of transferrin that is used as a measure 

of CME29 showed a slight correlation with pH in both cell 

lines. The absolute baseline uptake at pH 7.4 in AT1 cells 

was 30%±2% lower than that in Walker-256 cells. Figure 4B 

shows the changes of uptake with decreasing pH (values 

shown are normalized to the control condition at pH 7.4). 

Figure 3 Impact of hypoxia (pO2 ≈1.5 mmHg) on the cellular uptake of the polymers (homopolymer and random and block copolymers with low and high MW, respectively) 
in AT1 and Walker-256 cells.
Notes: Values are normalized to control conditions (pO2 ≈150 mmHg). n=6–8, *P,0.05, **P,0.01.
Abbreviation: MW, molecular weight.
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The uptake slightly decreased; however, this change was not 

statistically significant.

The cholesterol-dependent endocytosis was measured 

by cholera toxin β uptake.30 The absolute baseline uptake in 

AT1 cells (at pH 7.4) was 17±2 times stronger than that in 

Walker-256 cells, and it was independent of the extracellular 

pH in both cell lines (Figure 4C; values shown are normalized 

to the control condition at pH 7.4). Only at pH 6.2, the uptake 

in Walker-256 cells increased significantly as compared to 

pH 7.4. Since the low uptake rate in Walker-256 cells was 

close to the detection limit, the increase at pH 6.2 could also 

be a random phenomenon.

In conclusion, these results indicate that at least the 

process of macropinocytosis is affected by the extracel-

lular pH of the tissue. However, the net effect (increase or 

decrease) seems to be cell line specific. A pH dependency 

of endocytotic processes has been described almost exclu-

sively for the entry of viruses into cells.34,35 In this study, 

the phenomenon was mostly attributed to changes in the 

charge of the virus particles, which allows fusion with the 

cell membrane.34 However, since, in the current study, only 

uncharged dextran has been used for the analysis of macro-

pinocytosis, this mechanism cannot explain the observed pH 

dependency. Macropinocytosis has also been described to be 

Cdc42 dependent.36 Since extracellular acidosis can affect 

Rho GTPases,37 it could be possible that macropinocytosis 

is regulated by the extracellular pH mediated by Cdc42. 

Since, for the two cell lines used, the Cdc42 status is not 

known, the opposed effects in the two cancer lines may be 

attributed to differences in the Rho GTPase status.

Figure 5 shows the impact of short-term hypoxia on 

dextran uptake (macropinocytosis). Once again the effect 

was cell line specific. In AT1 cells, which show a higher 

uptake under control conditions, pO
2
 of 1.5 mmHg reduced 

macropinocytosis by ~50%, whereas in Walker-256 cells, 

this process was almost O
2
 independent.

Since hypoxia is also suitable to activate Rho-GTPases 

as part of the stress response,38 this behavior may rely on a 

β
 

Figure 4 Impact of extracellular pH on the cellular uptake of (A) dextran (macropinocytosis), (B) transferrin (CME) and (C) cholera toxin ß (cholesterol-dependent 
endocytosis) in AT1 and Walker-256 cells.
Notes: Values are normalized to control conditions (pH 7.4). n=6–13, *P,0.05, **P,0.01 vs pH 7.4.
Abbreviation: CME, clathrin-mediated endocytosis.
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similar mechanism as the acidosis-dependent changes. How-

ever, also other mechanisms have to be discussed, which may 

explain the cell line-specific differences. In cancer cells, p53 

and RAS have been shown to modulate these endocytotic 

pathways.4,20,39 Mutant forms of p53 or altered response to 

activated receptor tyrosine kinases may modulate the endo-

cytotic response to low pO
2
.4

Different endocytotic routes of polymer 
uptake
The uptake of the different HPMA-based polymers was 

dependent on the extracellular pH and pO
2
 (Figures 2 and 3), 

whereas these effects varied between the different polymers 

(homopolymer, random copolymer or block copolymer). On 

the other hand, the various routes of endocytosis showed 

also a dependency on pH or pO
2
 (Figure 4). One possible 

explanation for the polymer results could be that the dif-

ferent polymers were taken up by different mechanisms of 

endocytosis. To test this hypothesis, the polymer uptake 

was measured when cells were incubated with inhibitors of 

different endocytotic pathways.

Rottlerin, an inhibitor of the PKC δ, is known to selectively 

inhibit the process of macropinocytosis.28 Figure 6A shows 

the polymer uptake during rottlerin incubation. The changes 

were cell line specific and polymer specific. In AT1 cells, 

the accumulation of both copolymers (independent of the 

molecular weight) was almost unaffected from the incuba-

tion with rottlerin, indicating that macropinocytosis seemed 

not to play a major role for these polymers in AT1 cells. The 

small homopolymer was not detectable after inhibition with 

rottlerin. Surprisingly, the high-molecular-weight homopo-

lymer showed, in AT1 cells, a more than 20 times higher 

cellular uptake after PKC δ inhibition. This effect was seen 

in all replicates of the experiment, and it was independent of 

the cell line passage used. Similar results were seen with all 

inhibitor experiments with the large homopolymer in AT1 

cells (Figures 6 and 7). Currently, the reason for the enhanced 

uptake of the large homopolymer in AT1 cells when incu-

bated with any of the inhibitors remains unclear.

Nystatin is known to deplete cholesterol from lipid rafts/

caveolae that inhibits the cholesterol-mediated endocytosis.3 

Figure 6B shows the impact of nystatin on the polymer 

uptake in both cell lines. The uptake of the block copolymer 

was significantly reduced when inhibiting the cholesterol-

dependent pathway, indicating an important role of this 

route for the uptake of these large structures. But the uptake 

Figure 5 Impact of hypoxia on the cellular uptake of dextran (macropinocytosis) in 
AT1 and Walker-256 cells.
Notes: Values are normalized to control conditions (pO2 ≈150 mmHg). n=6–13, 
**P,0.01.

Figure 6 Impact of (A) rottlerin (inhibitor of the PKC δ) and (B) nystatin (inhibitor of the cholesterol-mediated endocytosis) on the cellular uptake of the polymers 
(homopolymer and random and block copolymers with low and high MW, respectively) in AT1 and Walker-256 cells.
Notes: Values are normalized to control conditions without inhibitor. n=6–15, *P,0.05, **P,0.01.
Abbreviations: MW, molecular weight; nd, not detectable.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5579

Cellular uptake of HPMA-based polymers

of the small random copolymer was also hindered in both 

cell lines. Since the copolymers contain lipophilic LMA 

segments, these results indicate that the uptake of polymers 

with a hydrophobic structure requires (at least partially) 

cholesterol-rich membrane microdomains. The uptake of the 

HPMA homopolymers was also altered by nystatin, at which 

in some case an active uptake was not detectable. Once again 

treating the cells with nystatin led to a dramatic increase in 

the uptake of the large homopolymer in AT1 cells which, 

currently, cannot be explained sufficiently.

Another important uptake mechanism is the CME. In 

this process, clathrin molecules on the inner wall of the cell 

membrane form a network that shapes a clathrin-coated 

pit. Finally, dynamin together with other molecules forms 

the vesicle neck, which results in a scission of the vesicle 

in the intracellular space.3 To analyze the impact of these 

processes for the polymer uptake, the clathrin net formation 

was blocked by chlorpromazine, and the dynamin-dependent 

displacement of the vesicle was inhibited by dynasore.27

In both cell lines, the inhibition of clathrin as well as 

dynamin significantly reduced the uptake of the block copo-

lymer more or less independently of their molecular weight 

(Figure 7), which indicates that CME seems to play a role for 

the uptake of these polymers. For the random copolymers, 

this endocytotic route appears to be of less importance. Inhi-

bition of the clathrin net formation had only minor effects 

on the random copolymer uptake (Figure 7A). Inhibition 

of dynamin reduced only the uptake of random copolymer 

with low molecular weight by 50%–70% (Figure 7B). 

For homopolymers, the uptake was markedly reduced in 

Walker-256 cells but not in AT1 cells (once again showing 

the surprising result that the uptake of large homopolymer 

was much stronger in AT1 cells when clathrin or dynamin 

was inhibited).

Taking these results together, it becomes obvious that the 

route of the cellular uptake of the different polymers varies 

between the chemical structures of the molecules and (to a 

minor extent) between the cell lines evaluated.

The uptake of the homopolymer with low molecular 

weight (which was 10 times higher in Walker-256 than in 

AT1 cells) could be markedly reduced in both cell lines by 

inhibiting all routes analyzed, indicating that this type of 

polymer is taken up by macropinocytosis as well as by CME 

and clathrin-independent endocytosis. In Walker-256 cells, 

the large homopolymer showed an uptake pattern comparable 

to that of the small counterpart (Figures 6 and 7; gray bars). 

Obviously, the homopolymer is taken up by different endo-

cytotic pathways (macropinocytosis and clathrin-dependent 

and clathrin-independent endocytosis). A similar pattern with 

the uptake to be significantly reduced by all inhibitors was 

seen for the p(HPMA)-b-p(LMA) block copolymer (inde-

pendently of the molecular size and the cell line used). The 

block copolymers also seemed to be taken up by different 

endocytotic routes. This comparable uptake pattern may be 

the result of similar physicochemical characteristics of both 

polymer structures. Homopolymers and block copolymers 

showed a strong hydrophilic surface since in the block 

copolymers the lipophilic LMA segments were located in 

the core of the resulting superstructure.11,12 For the uptake 

from the fluid phase, various routes (macropinocytosis, 

clathrin-dependent endocytosis or clathrin-independent 

endocytosis) are responsible.3 For this reason, the results 

Figure 7 Impact of (A) chlorpromazine (inhibitor of the CME) and (B) dynasore (inhibitor of dynamin) on the cellular uptake of the polymers (homopolymer and random 
and block copolymers with low and high MW, respectively) in AT1 and Walker-256 cells.
Notes: Values are normalized to control conditions without inhibitor. n=6–15, *P,0.05, **P,0.01.
Abbreviations: CME, clathrin-mediated endocytosis; MW, molecular weight; nd, not detectable.
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shown in Figures 6 and 7 are according to the hydrophilic 

properties of these polymers. The molecular size (molecu-

lar weight, hydrodynamic radius of the superstructure) had 

almost no impact on the uptake route.

Results comparable to those of the p(HPMA)-b-p(LMA) 

block copolymers in the current study have been described 

for other amphiphilic triblock copolymers (containing 

poly(ethylene oxide), poly(propylene oxide) and Pluronic 

P85) in which the hydrophobic segments are located in the 

center of the structure and the hydrophilic segments form a 

corona on the surface.40 Sahay et al41 showed that these struc-

tures are also taken up by several endocytotic pathways such 

as caveolae-mediated endocytosis but also by caveolae- and 

clathrin-independent mechanisms. Obviously, large block 

copolymer structures with a hydrophilic surface and a lipo-

philic core are taken up by a broad spectrum of endocytotic 

mechanisms. The size of the p(HPMA)-b-p(LMA) block 

copolymers, however, seems to be of less importance, which 

has been already described for other nanocarriers.42

For p(HPMA) homopolymers, it has been described that 

the uptake is also mediated by different endocytotic routes 

(caveolae-mediated endocytosis, non-clathrin and non-

caveolae-dependent endocytosis, macropinocytosis). How-

ever, the degree of the impact of the respective endocytotic 

route on the uptake varied markedly between different cell 

lines tested.43 These results are comparable to those found 

in the current study. It seems that the hydrophilic surface of 

the polymer is predominately important for the uptake by 

numerous endocytotic pathways.42 A predominant factor for 

selecting different endocytotic routes seems to be the surface 

charge. Liu et al25 analyzed the uptake of p(HPMA) polymer 

containing various positively or negatively charged groups 

as well as hydrophobic side chains. They demonstrated that 

positively charged copolymers were taken up by CME, 

micropinocytosis as well as dynamin-dependent endocytosis. 

Polymers with a weak negative charge were also taken up by 

all three mechanisms but to a much lesser extent, whereas 

strongly negative polymers are taken up predominately by 

macropinocytosis.

In the random p(HPMA)-co-p(LMA) copolymers, the 

lipophilic LMA segments are located in the core but also on 

the surface of the structure11,15 resulting in a more lipophilic 

molecule. Hydrophobic molecules have been proposed to 

be taken up by mechanisms associated with cholesterol-

rich membrane rafts by caveolae- and clathrin-independent 

pathways.42,44 In the current study, the cellular uptake of 

random p(HPMA)-co-p(LMA) copolymers differed from 

the other types. The lipophilic polymer properties reduced 

the uptake if the membrane was cholesterol depleted 

(by nystatin), which seemed to reduce the adherence of the 

lipophilic polymer to the cell membrane.3 The uptake of the 

random copolymer was also hindered by the inhibition of 

dynamin (by dynasore) but not by the inhibition of CME. 

This can be explained by the fact that endocytosis of lipid 

rafts depends on dynamin but not on clathrin.45 The random 

copolymer seemed to be taken up preferentially by choles-

terol-dependent lipid raft endocytosis. However, this effect 

was only seen in the polymers with low molecular weight, 

whereas the large molecules showed only weak, nonuniform 

dependency (Figures 6 and 7). In the random copolymers 

with low and high molecular weight, the HPMA–LMA ratio 

was different between small and large polymers. The low-

molecular-weight polymer contained 18% lipophilic LMA 

segments, whereas large polymers contained 25% (Table 1). 

The current results could be explained if a higher LMA ratio 

would lead to a more pronounced orientation of the lipophilic 

segments in the polymer core11 leading to a more hydrophilic 

surface. In this case, the dependency of uptake from the 

membrane cholesterol content would be reduced. However, 

this hypothesis has to be validated in further experiments.

Another aspect of polymers with hydrophobic segments 

on the surface has to be taken into account. Strong binding of 

these polymers to lipid rafts of the membrane may affect the 

further release of these compounds to subcellular compart-

ments. It has been proposed that macromolecules that bind 

to lipid rafts allow for cellular internalization and vesicular 

trafficking to non-lysosomal subcellular compartments.46 

This could be attractive to nondegradative intracellular drug 

delivery but may limit the drug transport of compounds 

covalently bound to nanocarriers. In these, mostly the drug 

has to be released in a hydrophilic environment of the 

lysosomal compartment to become cytotoxic. Currently, it 

remains unclear into which cellular compartment the differ-

ent polymers are transported. This can be analyzed in future 

studies by fluorescence microscopy studies. It has to be also 

investigated whether the high cellular uptake of the random 

p(HPMA)-co-p(LMA) copolymer (Figure 1) is associated 

with a better drug delivery of covalently bound drugs in 

AT1 cells or whether the nanocarrier stays in the lipophilic 

environment of the cell membrane.

An important aspect of the current study is the cell line 

specificity of the results obtained showing pronounced differ-

ences in the baseline uptake of the different polymers but also 

in some of the endocytotic routes. Such differences have also 

been described previously by others.43 It has to be analyzed 

whether the intrinsic activity of the various endocytotic 
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mechanisms is different in the cell lines or whether the interac-

tion of the polymer with the cell membrane varies. In this study, 

a detailed analysis of the membrane composition (eg, lipid 

raft content or cholesterol content) could be indicative.

Conclusion
The current results reveal that the cellular uptake of poly-

meric nanoparticles depends on their molecular structure, the 

molecular weight and the individual tumor. In AT1 prostate 

cancer cells that take up polymers quite poorly per se, the 

partly lipophilic random p(HPMA)-co-p(LMA) copolymer 

has been shown to enter the cells better by a factor of 5. 

However, the results also show that the cellular uptake does 

not correlate with overall accumulation measurements in the 

tumor tissue in vivo.14,15 Therefore, the drug transport to the 

tissue depends on parameters of microcirculation and vascu-

lar permeability as well as on active endocytosis; however, 

these parameters are independent of each other.

The study also clearly shows that the cellular uptake 

depends on microenvironmental parameters of the tumor 

tissue such as acidosis or hypoxia. However, this impact of 

metabolic parameters was also dependent on the polymer 

structure and the individual cell line. Acidosis can not only 

foster the uptake (random copolymer in AT1 cells) but also 

significantly reduce endocytosis (block copolymer in Walker-

256 cells). These results indicate that it is difficult to predict 

the potential beneficial effect of nanocarrier drug transport 

since pH or pO
2
 can vary within the tumor tissue profoundly 

in space and time.17,47

Finally, the analysis of the endocytotic route by which 

the polymers were taken up into the cell showed a depen-

dency on the molecular structure of the molecule. The 

hydrophilic HPMA homopolymer and p(HPMA)-b-p(LMA) 

block copolymer are taken up by all mechanisms evaluated 

(macropinocytosis, CME, dynamin-dependent processes 

and cholesterol-dependent endocytosis). The more lipo-

philic random p(HPMA)-co-p(LMA) copolymer seems to 

be taken up preferentially by the cholesterol- and dynamin-

dependent (clathrin-independent) endocytotic way. The 

differences between random copolymers of different sizes 

indicate that the degree of lipophilicity on the outer surface 

of the superstructure seems to be a determining factor for 

this uptake route.

The study indicates some problems of using HPMA-

based polymeric nanoparticles as drug carriers in clini-

cal oncology. The uptake is affected by properties of the 

polymer molecule (structure, size, lipophilicity) but also 

by parameters of the individual tumor (perfusion, vascular 

permeability, microenvironmental parameters and activity 

of different endocytotic routes). These parameters can posi-

tively or negatively modulate the transport of drugs to the 

tumor tissue and into the cells. Thus, the net effect of drug 

transport by nanocarriers in the clinical situation is difficult 

to predict.
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Supplementary materials

Figure S1 Time course of the cellular uptake of HPMA-based (A) homopolymers, (B) random copolymer and (C) block copolymer (with low and high MW, respectively) 
in AT1 prostate carcinoma cells.
Abbreviations: HPMA, N-(2-hydroxypropyl)methacrylamide; MW, molecular weight.
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Figure S2 Time course of the cellular uptake of HPMA-based (A) homopolymers, (B) random copolymer and (C) block copolymer (with low and high MW, respectively) 
in Walker-256 mammary carcinoma cells.
Note: n=6–12.
Abbreviations: HPMA, N-(2-hydroxypropyl)methacrylamide; MW, molecular weight.
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