
Full  Paper

1700309  (1 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mbs-journal.de

The Role of Hydrophobicity in the Cellular Uptake 
of Negatively Charged Macromolecules

Tamara Abou Matar and Pierre Karam*

T. Abou Matar, Prof. P. Karam
Department of Chemistry
American University of Beirut
P.O. Box 11-0236, Beirut, Lebanon
E-mail: pierre.karam@aub.edu.lb

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/mabi.201700309.

DOI: 10.1002/mabi.201700309

with the negatively charged cellular carbo-
hydrates and lipids.[15,16]

Drugs and small molecule regulators 
are oftentimes complexed with large poly-
meric macromolecules known to enhance 
their circulation lifetime and cellular 
uptake.[17–20] However, upon complexa-
tion, the macromolecules’ physiochemical 
properties are affected, which disrupt their 
efficient transfer across the membrane by 
exposing either more charged groups or 
hydrophobic pockets.[21–24] While we might 
have a good understanding of pristine poly-
meric particles’ cellular uptake, very little 
studies have been done on these complexes 
especially when small changes introduced 
to the same base polymer can affect their 
cellular uptake efficiency and routes.[25,26]

Our group has extensively explored the 
photophysical behavior of poly[5-methoxy-2-(3-sulfopropoxy)-
1,4-phenylenevinylene] (MPS-PPV), a conjugated polyelectro-
lyte (CPE) consisting of hydrophobic conjugated backbone with 
charged sulfonate side groups.[27,28] In the presence of polyvi-
nylpyrrolidone (PVP), the hydrophobic backbone is dissolved 
by the amphiphilic properties of PVP.[29] Most of the previously 
reported studies on cellular uptake of polymeric material required 
the labeling of the macromolecules by either radioactive isotopes 
or fluorescent probes.[30,31] These hybrid complexes are therefore 
uniquely positioned to assess the effect of the critical balance 
between the negatively charged side groups and the hydrophobic 
core on cellular uptake; their bright fluorescent signal provides 
a unique and convenient opportunity for tracking. Furthermore, 
changing the PVP molecular weight allows the fine-tuning of the 
ratio of hydrophobicity, negative charges, and amphilicity of the 
prepared nanohybrid complexes (Figure 1).

In this work, we addressed two fundamental questions; the 
first one, how does the negative charge/hydrophobicity inter-
play affects the cellular uptake? Will it impose any toxicity on 
mammalian cells? To this end, different PVP molecular weights 
were tested using flow cytometry measurements and fluores-
cent microscopy imaging. Their biocompatibility was evaluated 
using CellTiter-Blue assay.

2. Experimental Section

2.1. Materials

Poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] 
potassium salt (MPS-PPV), PVP (average Mw 10k, 55k, 

Cellular Uptake

It is generally accepted that positively charged molecules are the gold 
standard to by-pass the negatively charged cell membrane. Here, it is shown 
that cellular uptake is also possible for polymers with negatively charged 
side chains and hydrophobic backbones. Specifically, poly[5-methoxy-2-(3-
sulfopropoxy)-1,4-phenylenevinylene], a conjugated polyelectrolyte with 
sulfonate, as water-soluble functional groups, is shown to accumulate in the 
intracellular region. When the polymer hydrophobic backbone is dissolved 
using polyvinylpyrrolidone, an amphiphilic macromolecule, the cellular 
uptake is dramatically reduced. The report sheds light on the fine balance 
between negatively charged side groups and the hydrophobicity of polymers 
to either enhance or reduce cellular uptake. As a result, these findings will 
have important ramifications on the future design of targeted cellular delivery 
nanocarriers for imaging and therapeutic applications.

1. Introduction

Many efforts have been directed toward a clear understanding 
of the cellular uptake for macromolecules and nanoparticles 
for the delivery of specific molecules such as short nucleic 
acids, drugs, contrast imaging agents, etc.[1–6] The impermeable 
phospholipid bilayer of the cellular membrane is a major bar-
rier against this influx of exogenous molecules, and it is often-
times unpredictable. For nanoparticles, studies have shown that 
depending on the particle size, surface chemistry, and shape, 
membrane crossing is regulated.[7–11] Gold nanoparticles, for 
instance, have been shown to have optimum uptake at an 
average diameter of 50 nm and the spherical particles crossed 
the membrane better than the rod shape.[12,13] The uptake 
of large macromolecules, on the other hand, is controlled by 
the interplay and balance between surface charges and hydro-
phobicity. A widely studied example is cell penetrating amino 
acids.[14] By carefully tuning the ratio of its charged and hydro-
phobic amino acids, one can bypass the cellular membrane and 
target specific subcellular compartments.[15] The mechanism is 
still, however, debatable but it is believed that they first interact 
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and 360k), Dulbecco’s Modified Eagle’s Medium (DMEM 
D5796 and DMEM D6546), fetal bovine serum (FBS), HEPES 
buffer, trypsin-ethylenediaminetetraacetic acid (EDTA), chlor-
promazine hydrochloride, amiloride hydrochloride hydrate, 
methyl-β-cyclodextrin, sodium dodecyl sulfate (SDS) and for-
maldehyde solution were purchased from Sigma-Aldrich. 
CellTiter-Blue cell viability assay was purchased from Pro-
mega. Phosphate-buffered saline (PBS) without Ca2+ and 
Mg2+ was purchased from Lonza. Penicillin-Streptomycin 
Solution was purchased from Gibco. Hoeschst 33342 
(10 mg mL−1) was purchased from Invitrogen. Prolong Gold 
antifade reagent was purchased from Life technologies.

2.2. Cell Culture

Human cervix carcinoma cell line (HeLa) was cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM D5796), supple-
mented with 10% FBS, 100 IU mL−1 penicillin, 100 µg mL−1 
streptomycin, and 20 × 10−3 m HEPES buffer. Human embryonic 
kidney cell line (HEK 293) was cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM D6546), supplemented with 10% FBS, 
100 IU mL−1 penicillin, and 100 µg mL−1 streptomycin. The cells 
were maintained in a humidified incubator at 37 °C and 5% CO2.

2.3. Flow Cytometry Analysis for Cellular Uptake

Unless otherwise stated, the MPS-PPV was added at a final 
monomer concentration of 0.045 × 10−3 m (referred to as 1×). 
The hybrid complexes were prepared by mixing MPS-PPV with 

either PVP-10k, -55k, or -360k at a monomer ratio of 1:100 
(MPS-PPV:PVP). HeLa cells were seeded into 6-well plates and 
incubated in DMEM media containing FBS, penicillin, strep-
tomycin, and HEPES at 37 °C, 5% CO2. After 24 h, cells were 
washed once with PBS and incubated with serum-free DMEM 
medium containing either PVP, as a control, MPS-PPV, or 
MPS-PPV/PVP (-10k, -55k, and -360k). A serum-free media was 
chosen to avoid the potential interference of the protein corona 
on the physiochemical properties of the prepared nanohybrid 
complexes, which is under investigation. Cells were incubated 
for the required time point at 37 °C, 5% CO2, and analyzed by 
flow cytometry. For all the flow cytometric measurements, cells 
were not stained with any additional fluorescent dye.

For endocytosis inhibition experiments, cells were pre-
incubated for 30 min with serum free DMEM medium con-
taining 1 × 10−3 m amiloride to inhibit macropinocytosis, or 
10 µg mL−1 chlorpromazine to inhibit clathrin-mediated endo-
cytosis or 5 × 10−3 m methyl-β-cyclodextrin to inhibit caveolae-
mediated endocytosis. MPS-PPV was then added and further 
incubated for 4 h before flow cytometric analysis. To assess the 
energy-dependent endocytic pathway, cells were preincubated 
for 30 min at 4 °C and kept at 4 °C for an additional 4 h after 
the addition of MPS-PPV. Untreated cells served as a control.

For flow cytometric measurement, cells were washed three 
times with PBS and then detached using trypsin-EDTA. Sam-
ples were then further washed and resuspended in PBS buffer 
and analyzed by flow cytometry using BD FACSAria (Becton-
Dickinson) and FACSDiva Software (Becton-Dickinson). 
For each sample, 10 000 events were recorded. An excitation 
centered at 488 nm was selected coupled with an emission filter 
of HQ530/30 to detect the emission of MPS-PPV.

Macromol. Biosci. 2018, 18, 1700309

Figure 1.  Chemical and schematic representation of poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] sodium (MPS-PPV), PVP, and the three 
studied macromolecules: (i) aggregated hydrophobic core for the pristine MPS-PPV, (ii) particles with mixed dissolved backbone and a collapsed 
hydrophobic core (MPS-PPV/PVP-10k), or (iii) a solubilized backbone when MPS-PPV is complexed with a PVP of a molecular weight larger than 55k 
(MPS-PPV/PVP > 55k). Collapsed/hydrophobic pockets are highlighted in green. Schemes are not to scale.
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2.4. Fluorescence Imaging

HeLa cells were seeded on glass coverslips in 6-well plates 
and incubated in DMEM media containing FBS, penicillin, 
streptomycin, and HEPES at 37 °C, 5% CO2. After 24 h, cells 
were washed once with PBS and incubated with serum-free 
DMEM medium containing either MPS-PPV for 4, 12, and 
18 h, or MPS-PPV/PVP-10k, or -55k for 18 h at 37 °C, 5% CO2. 
Before fixation, cells were washed twice with PBS. A 4% for-
maldehyde solution was used to fix the cells at room tempera-
ture for 10 min. Cells were then washed three times with PBS 
for 5 min each, and incubated with Hoeschst (1 µg mL−1) for 
10 min to stain the nucleus, followed by washing twice with 
PBS for 5 min each. Coverslips were mounted with Prolong 
Gold antifade reagent and imaged with an upright fluorescent 

microscope Leica DM6 B. Differential inter-
ference contrast images (DIC) were collected 
using a Leica DIC condenser (11505143). 
The sample was excited with a mercury 
short-arc reflector lamp Leica EL6000 (HXP-
R120W/45C VIS, OSRAM). For MPS-PPV, a 
450–490 nm excitation filter was used, and 
the emission was collected between 500 and 
550 nm. For visualizing the nucleus, the 
cells were excited between 325 and 375 nm, 
and the emission was collected between 435 
and 485 nm. All images were acquired at 
the same excitation power, exposure time, 
and gain and plotted using the same inten-
sity scale. Arithmetic mean and the standard 
deviation for the integrated fluorescent inten-
sity of 30 cells for the different incubation 
times were calculated, and their significant 
differences were determined by one-way 
ANOVA with Bonferroni post hoc test.

2.5. Cell Viability Assay

To evaluate the cytotoxicity of MPS-PPV and 
the nanohybrid complexes, CellTiter-Blue 
cell viability assay was used. HEK or HeLa 
cells were seeded in 96-well plate and incu-
bated for 24 h at 37 °C, 5% CO2 in DMEM 
containing 10% FBS, 100 IU mL−1 penicillin, 
and 100 µg mL−1 streptomycin. After 24 h, 
the medium was replaced with serum-free 
DMEM containing either PVP-55k, MPS-
PPV or MPS-PPV/PVP-55k, and incubated 
for 4 h. Different concentrations of MPS-PPV 
were also tested. Afterward 20 µL of CellTiter-
Blue was added to each well and further incu-
bated for 3 h. The reaction was quenched 
with the addition of 50 µL of 3% SDS to 
each well. The fluorescent intensity was 
measured using Lumina Fluorescence Spec-
trometer (Thermo Scientific) upon excitation 
at 560 nm, and the emission was recorded 
between 575 and 800 nm. The measured flu-

orescence signal was corrected for the background signal from 
MPS-PPV and the media.

3. Results and Discussion

3.1. Preparation of the Nanohybrid Complexes

The three macromolecules compared in this study were pre-
pared as follow: MPS-PPV was used as received and was 
diluted to a final monomer concentration of 0.045 × 10−3 m. The 
nanohybrids were prepared by mixing a solution of MPS-PPV 
with either 10k, 55k, or 360k PVP at a monomer ratio of 
1:100 (MPS-PPV:PVP) in HEPES buffer solution (10 × 10−3 m 
HEPES, 150 × 10−3 m NaCl, and pH = 7.3). The amphiphilic 
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Figure 2.  A) Typical flow cytometric analysis obtained from HeLa cells incubated for 4 h with 
pristine MPS-PPV and hybrid complexes of MPS-PPV/PVP-10k, -55k, and -360k (no additional 
staining was performed). B) Average detected fluorescent emission signal of MPS-PPV from 
three independent flow cytometric measurements of 10 000 cells. The error bars represent the 
standard deviation of three independent replicates. The inset represents the fluorescent signal of 
the nanohybrid complex rescaled to clearly show the trend of the different PVP molecular weight.
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macromolecule when complexed with the CPE backbone allows 
its efficient solvation and disaggregation.[29,32–34] Based on our 
previously reported work, PVP with molecular weight larger 
than 55k were able to protect 80% of the CPE from water-soluble 
quenchers, while short PVP (10k) molecules exposed a slightly 
larger fraction of the conjugated polymers, estimated to be 
equal to 45% also based on the quenching experiment.[29] These 
spectroscopic experiments revealed a molecular level interac-
tion where negatively charged particles decorated with exposed 
sulfonate groups could be prepared with either aggregated 
hydrophobic core (pristine MPS-PPV) or a solubilized backbone 
(MPS-PPV/PVP > 55k) or particles with mixed dissolved backbone 

and a collapsed hydrophobic core (MPS-PPV/PVP-10k) (Figure 1).  
The particle sizes were also previously characterized by per-
forming light-scattering experiments. The average hydro
dynamic diameter was calculated to range between 15 and 
20 nm, depending on the PVP molecular weight used.[29]

3.2. Cellular Uptake

These three models presented a unique tool for us to study 
the interplay between hydrophobicity and charged groups 
and their efficient cellular uptake. HeLa cells were incubated 

Macromol. Biosci. 2018, 18, 1700309

Figure 3.  A) Fluorescence and DIC images of fixed treated HeLa cells with MPS-PPV for 4, 12, and 18 h. Cells were counter stained with Hoechst stain 
(blue). The images are composite of two micrographs using an excitation filter of 450–490 nm and an emission filter of 500–550 nm for MPS-PPV 
false colored in green and an excitation filter set of 325–375 nm and emission collected between 435 and 485 nm for Hoechst false colored in blue. 
All Fluorescent images were acquired and reported under the same experimental conditions. B) Arithmetic mean and the standard deviation for the 
integrated fluorescent intensity of 30 cells incubated with MPS-PPV for 4, 12, and 18 h. Significant differences were determined by one-way ANOVA 
with Bonferroni post hoc test and are indicated with asterisks (***, P ≤ 0.001).
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with either MPS-PPV or MPS-PPV/PVP (-10k, -55k, or -360k) 
for 4 h. For the hybrid particles, flow cytometry measure-
ments show that as the PVP molecular weight decreases, 
the fluorescent intensity increases having MPS-PPV/PVP-
10k with the highest detected fluorescent (78 ± 6) intensity 
(Figure 2). We should mention that the fluorescent enhance-
ment in the presence of the amphiphilic macromolecule, as 
revealed by our previous work, is independent of the PVP 
molecular weight.[29] As such, the shift in the fluorescent 
signal as detected by the flow cytometer is not based on a 
photophysical phenomenon but rather the difference in cel-
lular uptake.

PVP is a macromolecule that was shown to cross the cellular 
membrane.[31] Isotopically labeled PVP (125I-PVP) showed that 
the amphiphilic macromolecule is readily uptaken by isolated 
cells and accumulating primarily in lysosomes.[30,31,35] PVP was 
also shown to enhance the uptake of molecules such as chlorin 
e6[31] and to significantly increase the uptake of large negatively 
charged macromolecules such as plasmids.[36] Indeed, it was 
postulated that the complexation between PVP and DNA facili-
tates the plasmid cellular uptake by enhancing the interaction 
with the cell membrane due to the shielding of the negative 
charges of the oligonucleotide.[37] As such, PVP as an amphi-
philic macromolecule could not be hindering the uptake of the 
CPEs and should, in theory, enhance this process. In addition, 
the cellular uptake has also been reported to increase with the 
PVP molecular weight unlike what we have observed.[38] For 
instance, the level of β-gal gene expression formulated with 
PVP-10k was 2-fold lower than PVP-50K.[39] Therefore, the fluo-
rescent difference observed underlies a complex mechanism of 
macromolecule uptake where the CPE–PVP interaction is the 
determining factor.

Looking at only the pristine MPS-PPV polymer, we observed 
a substantial shift (1386 ± 25) when compared with the hybrid 
complex despite the fact that MPS-PPV is 22-fold less emissive 

(Figure 2).[29] One has to be cautious, however, to use those numbers 
to quantify the cellular uptake efficiency of MPS-PPV since the pris-
tine CPE might be complexing with an array of different molecules, 
which can contribute to its fluorescent signal enhancement.[40–43]

3.3. Cellular Imaging

Intrigued by the previous observation and to better under-
stand them, we explored the macromolecule–cell interac-
tion using fluorescent microscopy. The aim was to pinpoint 
whether the CPE is staining the cellular membrane given its 
hydrophobic backbone or crossing to the intracellular space.[44] 
HeLa cells were treated with MPS-PPV for 4, 12, and 18 h 
or MPS-PPV/PVP prepared with either -10k or -55k for 18 h. 
The nanohybrid complexes prepared with PVP-360k were not 
tested since they showed the lowest fluorescent signal. Fluores-
cent images of fixed cells treated with MPS-PPV alone showed 
a clear internalization with a strong fluorescent signal in the 
intracellular region with no evidence of membrane staining 
(Figure 3). The internalized MPS-PPV seems to accumulate 
mostly in the intracellular region close to the nuclei. In the 
presence of PVP, on the other hand, the CPEs had negligible 
internalization efficiency with low detected fluorescent signal 
(Figure S4, Supporting Information).

Cellular uptake of anionic nanoparticles has been previously 
reported, but with lower efficiency than cationic nanoparticles 
and with an uptake mechanism that involve the degradative lyso-
somal pathway.[45] Some have also suggested the internalization 
through nonspecific binding and clustering of the particles on 
cationic sites on the plasma membrane.[9,46]

But more recent studies are highlighting the importance of 
the balance between hydrophobicity and the anionic character of 
macroparticles for their efficient internalization. Hydrophobic 
polystyrene nanospheres decorated with negatively charged 

carboxylic acids were shown to be efficiently 
uptaken by HeLa cells with only ≈20% reduc-
tion when compared with their counterpart 
positive particles.[47] Chiu et al. have also 
reported, based on both experimental evi-
dence and molecular dynamic simulations, 
an enhanced cellular uptake of hydrophobi-
cally modified chitosan with the increase 
of their hydrophobic character.[48] It is also 
becoming more apparent the importance 
of specific functional groups in the cellular 
uptake mechanism. Rzayev and co-workers 
showed enhanced uptake of negatively 
charged organic nanocapsules with phenyl 
group as compared with carboxylic acid.[49] 
Shastri and co-workers have reported similar 
results with enhanced uptake of hydrophobic 
polystyrene nanoparticles when modified 
with styrene sulfonate groups as compared 
with carboxylic acid and poly(vinyl sulfonic 
acid).[50] They argued that the cellular mech-
anism is driven by the initial electrostatic 
repulsion between the negatively charged 
group and the cellular membrane, which 

Macromol. Biosci. 2018, 18, 1700309

Figure 4.  Schematic representation of the proposed mechanism for the cellular uptake of the 
studied macromolecules. Pristine MPS-PPV, with its hydrophobic core and negatively charged 
side groups, is internalized by favorable hydrophobic interactions despite the repulsion forces 
between the side groups and the cellular membrane. When MPS-PPV is complexed with large 
molecular weight PVP > 55k, the hydrophobic core is dissolved preventing its internalization. 
Smaller molecular weight PVP (-10k) with the partially exposed MPS-PPV allow slightly better 
internalization.
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might enhance the hydrophobic interactions leading to their 
internalization. Similarly, we speculate that the internalization 
of MPS-PPV is initiated by an electrostatic repulsion between 

the negatively charged side chains and the cellular membranes, 
which exposes the hydrophobic backbone and leads to interac-
tion with the cellular membrane. In the presence of the amphi-
philic polymer (PVP), the hydrophobic backbone is solubilized, 
hence limiting/compromising the effect of the hydrophobic–
cellular membrane interaction leading to its exclusion. With the 
smaller PVP molecular weight (10k), some parts of the large 
MPS-PPV CPEs remain aggregated with collapsed hydrophobic  
backbone allowing its internalization but at a much lower effi-
ciency than the pristine CPE Figure 4. Indeed, changing the 
ratio of PVP to MPS-PPV alters the cellular uptake. When 
PVP-10k was decreased to 20:1 exposing more MPS-PPV, an 
increase in the cellular uptake was observed. Increasing this 
ratio to 500:1 decreased the cellular uptake. Similar observa-
tions were made for PVP-55k (Figure S5, Supporting Informa-
tion). As such, we believe that the balance between the hydro-
phobic character and the polymer side chain negative charges 
plays a major role in cellular uptake. The prepared nanohybrid 
complexes can therefore be tuned for either intra- or extracel-
lular targeting/imaging.

Internalization by endosomal trafficking of the CPE was 
proved when amiloride, an inhibitor for macropinocytosis, was 
used. As seen in Figure 5, an 80.8 (±0.5)% reduction in the 
detected fluorescent signal was observed when 1 × 10−3 m of 
the inhibitor was used. Macropinocytosis, a form of endocytosis 

Macromol. Biosci. 2018, 18, 1700309

Figure 6.  Cell viability determined by CellTiter-Blue assay for PVP-55k, MPS-PPV, and MPS-PPV/PVP-55k and at different concentrations of MPS-PPV 
(0.1X, 0.5X, 1X, 5X, and 10X) incubated for 4 h with HeLa and HEK cells. Data are expressed as percentage of fluorescence relative to controls (untreated 
cells). The error bars represent the standard deviation of three replicates.

Figure 5.  Inhibition of endocytosis pathway for pristine MPS-PPV in the 
presence of amiloride (1 × 10−3 m), chlorpromazine (10 µg mL−1), methyl-β-
cyclodextrin (5 × 10−3 m), and when the incubation is performed at 4 °C. Data 
are expressed as percentage of fluorescence relative to untreated cells (no 
inhibitor). The error bars represent the standard deviation of three replicates.
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that allows the nonselective transfer of molecules across the cel-
lular membrane, seems to be the major pathway for the uptake 
of MPS-PPV.[51] The energy-dependent process of endocytosis 
was also compromised when cells where incubated at 4 °C. The 
inhibition of clathrin-mediated endocytosis by chlorpromazine  
(10 µg mL−1) did not lower the efficiency of cellular uptake for 
the pristine MPS-PPV. An increase in the detected signal was 
however recorded. We did rule out any photophysical effect that 
the inhibitor might have on MPS-PPV (Figure S6, Supporting 
Information). Similar observation was previously described 
when DNA was complexed with polyethylenimine, which 
manifested as an enhancement in the transfection efficiency in 
the presence of chlorpromazine.[52] It was postulated that the 
inhibitor might affect the membrane fluidity or induce an upreg-
ulation in other endocytic pathways.[53–55] The caveolae-mediated 
endocytic pathway was not significantly reduced (18.4 (±5.4)%) 
in the presence of methyl-β-cyclodextrin (5 × 10−3 m).

3.4. Viability Assay of PVP-55k, MPS-PPV, and MPS-PPV/
PVP-55k

Last, we wanted to test the effect of the prepared particles 
on the viability of the cells especially upon the internaliza-
tion of MPS-PPV.[56–61] CPEs, in general, have shown little 
cytotoxicity but MPS-PPV, to the best of our knowledge, 
has not been assessed, even though it has been extensively 
used as a platform for many biosensing schemes.[41,62–65] 
We picked CellTiter-Blue to measure cell viability since it is 
spectrally well resolved from MPS-PPV. Both HEK and HeLa 
cells were tested in the presence of the pristine CPE (with 
0.045 × 10−3 m in monomer concentration of MPS-PPV refer-
ring to as 1×), which showed the highest internalization effi-
ciency and MPS-PPV/PVP-55k with lowest cellular uptake. 
As seen in Figure 6, both tested particles showed no cytotoxic 
effect on both cell lines. Higher and lower concentrations 
of MPS-PPV (0.1×, 0.5×, 1×, 5×, and 10×) were also tested, 
which confirmed that the internalization of MPS-PPV does 
not compromise the membrane leading to cellular death 
within the tested period.

4. Conclusion

Gaining a surgical ability to direct macromolecules cargos to 
subcellular compartments is critical for the advancement of 
our fundamental understanding of intramolecular interactions 
and increasing the efficacy of drugs and small molecule uptake. 
We showed that negatively charged polymer with hydrophobic 
backbones could be tailored to cross the cellular membrane. 
When the CPE hydrophobic backbone was dissolved, the cel-
lular uptake was substantially reduced.

As such, our results provide further insight to understand 
the mechanism of cellular uptake especially for negatively 
charged macromolecules and could provide a guideline for 
designing targeted fluorescent nanohybrid probes for cellular 
profiling and sensing. Other interesting questions remain to be 
addressed such as how the cellular uptake compares between 
flexible hydrophobic backbones in a conjugated polymer to 

the more rigid hydrophobic particles that have been previously 
reported?
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