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a b s t r a c t 

Cancer resistance to chemotherapeutics is a common problem often encountered in the clinical setting, 

hampering greatly the conventional therapy of malignant diseases for several decades. No generally effi- 

cient mechanism solving this phenomenon was found so far. Cancer cells can adapt to a stress applied in 

the form of chemotherapeutics and become insensitive to their effects. Under such a selection pressure, 

the cancer cells acquire features helping them not only to survive the changes in the environment but 

also to further divide and to form secondary lesions. Therefore, besides developing novel chemothera- 

peutics, refining the drug delivery mechanisms of the conventional ones is absolutely crucial to defeat 

the cancer, so we can fully benefit from the effects these therapeutics offer. Here, we demonstrated en- 

hanced delivery of doxorubicin (DOX) to a DOX-resistant ovarian cancer cell line using completely novel 

2D material 4-carboxybutylgermanane (Ge-Bu-COOH). In our study, we present Ge-Bu-COOH as a drug 

carrier evincing high drug-loading efficiency, low cytotoxicity up to the concentration of 2.5 μg/mL and 

no hemolysis. Simultaneously, binding DOX to Ge-Bu-COOH increases DOX accumulation in the DOX- 

resistant cell lines. It leads to a significant anticancer efficiency enhancement in A2780/ADR DOX-resistant 

cell line; with the maximal effect reaching up to 62.8% compared to free DOX. These findings have pro- 

found influence on understanding the behaviour of doxorubicin-resistant tumours and open new horizon 

to manage their treatment. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The extraordinary success of graphene and its analogues has

timulated extensive research in material chemistry aimed to dis-

over other elementary two-dimensional (2D) materials beyond

raphene. These intensive effort s resulted in a synthesis or redis-

overy of many materials with unique properties including tran-

ition metal carbides and nitrides [1] , transition metal dichalco-
Abbreviations: ADR, Adriamycin ( = DOX tradename); DOX, doxorubicin; Ge-Bu- 

OOH, 4-carboxybutylgermanane; PGP, P-glycoprotein; RBCs, red blood cells; TMDs, 

ransition metal dichalcogenides. 
∗ Corresponding author. 
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enides (TMDs) [2] or black phosphorus [3] . Several of them

howed a potential in biomedical applications, especially in the

rea of drug targeting. [4-7] However, there are other promising

aterials still awaiting a thorough exploration of their properties

nd behaviour in the biological systems . 

The ovarian cancer is responsible for around 2.5% of all malig-

ancies in females. However, more alarming is that it accounts for

round 5% of female cancer deaths. Besides other reasons as e.g.

 late diagnosis caused by asymptomatic progression of the ovar-

an cancer, one of the leading causes of death is the development

f a resistance to conventional therapy. [8] The ovarian cancer

reatment consists of combination of a surgery with a chemother-

py, however, a relapse in these patients often occurs within first

https://doi.org/10.1016/j.apmt.2020.100697
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:pumera.group@gmail.com
https://doi.org/10.1016/j.apmt.2020.100697
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Scheme 1. Principle of Ge-Bu-COOH-mediated drug delivery in DOX-resistant cancer. 
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two years after the first therapeutic intervention. Standard first-

line chemotherapy regimens are still evolving in order to achieve

the highest efficiency and to overall benefit the patient. However,

a development of the drug resistance is indisputably one of the

key factors considerably reducing the chances for a patient ́s sur-

vival. [9] Several mechanisms responsible for a development of the

drug resistance have been identified. These include the interpa-

tient differences in drug pharmacokinetics [ 9 , 10 ], a hypoxic tu-

mour microenvironment affecting the cancer cell sensitivity, [ 9 , 11 ]

and more importantly, the specifics of the cancer cells themselves.

[9] Besides other adaptive mechanisms of the cancer cells, the re-

sistance is most frequently mediated by an overexpression of the

drug efflux pumps from the ABC protein family. Under physiologi-

cal circumstances, the ABC transporters are responsible for an ATP-

dependent movement of various compounds across the cytoplas-

matic membrane including xenobiotics, lipids, or metabolic prod-

ucts. [12] P-glycoprotein (PGP) is a member of the ABC transport

protein family and its overexpression was found to be one of the

key mechanisms of the cancer resistance. It is actively pumping the

applied cytostatics out of the cell and thus decreasing their ther-

apeutic efficiency. The PGP overexpression also hampers the ther-

apeutic effects of one of the most widely used and most efficient

chemotherapeutics - doxorubicin (DOX, trade name Adriamycin®

(ADR), Figure 1 A ) and it is a leading cause of a development of the

DOX-resistance in tumours. Binding DOX to nanocarriers allows to

trick drug transport mechanisms and to modulate the therapeutic

efficiency of the drug. A thorough assessment of novel micro- and

nanomaterials is required, including their potential in the drug-

targeting applications. DOX was selected in our study due to its

wide employment in the clinical practice and because of its fluo-

rescent properties enabling easy tracking of its accumulation. DOX

accounts for one of the most widely prescribed and most potent

anticancer agents ever developed. In the clinical setting, DOX is

indicated against ovarian, breast, prostate and stomach cancer as

well as against several types of haematological malignities. DOX is

also often used in a combination with other antineoplastic agents.

[13] 

One of the youngest members of the graphene-like material

family are group IV semiconductors, germanene and silicene. First

theoretical studies reporting on the possibility of existence Si and
e analogues of graphite were published in 1994 by Takeda et al .

14] followed by a study published by Cahangirov et al . in 2009

15] These stable silicon and germanium 2D allotropes do not exist

n nature and their synthesis was for a long time challenging. Un-

ike carbon atoms that prefer flat aromatic structure when form-

ng the graphene structure, silicon and germanium atoms favour

ormation of the corrugated aromatic stage. [14] Germanene has

 mixed sp 

2 and sp 

3 geometry leading to its nonplanar config-

ration. Its structure may be stabilized by hydrogenation result-

ng in the formation of hydrogenated germanene (GeH), also re-

erred to as germanane [16] which stability may be even boosted

y replacing the hydrogen atom with methyl groups. [17] The first

uccessful synthesis of hydrogenated germanene (GeH) 2n was de-

cribed by Vogg et al. in 20 0 0. [18] In comparison with pristine

ermanene, GeH evinces superior stability thanks to the lattice dis-

ortion which is absolutely essential for the prospective industrial

pplications. Those require also high-quantity production that was

or GeH enabled after the employment of topochemical deinterca-

ation of CaGe 2 . [19] 

Despite plenty of research activity around germanene and wide

ange of applications proposed for germanene-based materials dur-

ng the last few years, there are still plenty of attractive areas

o be explored. The potential of these materials in biological sys-

ems was, to the best of our knowledge, not described yet. In

iomedical field, the potential of 2D materials was proven espe-

ially in the area of targeted drug delivery, particularly for trans-

ort of anticancer drugs. Several studies focused on an employ-

ent of germanene as a platform for the gas molecule attachment

eported that it evinces higher chemical reactivity than graphene.

20] This was assigned to the germanene buckled honeycomb

tructure. Since similar reactivity might be expected with antineo-

lastic drugs, our goal was to evaluate germanane employment in

he area of the drug delivery. 

In our study, we prepared carboxylated derivative of ger-

anane, 4-carboxybutylgermanane (Ge-Bu-COOH, see Figure 1 B ),

nd we focused on a comprehensive evaluation of its properties

n vitro . We performed cytotoxicity evaluation of the pristine ma-

erial on a panel of adherent cell lines derived from ovarian and

rostate cancer tissue as well as its toxicity toward red blood cells

RBCs). 
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Figure 1. A) Structure of doxorubicin (DOX) and B) 4-carboxybutylgermanane (Ge-Bu-COOH). 

Figure 2. A), B) SEM images of Ge-Bu-COOH, C), D) TEM images of Ge-Bu-COOH nanosheets. 
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Further, the Ge-Bu-COOH potential in a targeted drug deliv-

ry of the antineoplastic drug DOX was explored, see Scheme 1 .

mong other cell lines, two ovarian cancer cell lines derived from

he same tumour differing in their PGP status and endocytic poten-

ial were used; A2780 DOX-sensitive ovarian cancer cell line and

278O/ADR representing DOX-resistant ovarian cancer cell line.

21] . A binding efficiency of Ge-Bu-COOH nanosheets for DOX has

een determined as well as the therapeutic efficiency in vitro and
ssessment of the DOX intracellular accumulation. (  

d  
. Results and Discussion 

.1. Synthesis and Characterization of Ge-Bu-COOH Nanosheets 

The characteristic platelet morphology of Ge-Bu-COOH 

anosheets is visible on the SEM images ( Figure 2 A, 2 B ). The

ndividual sheets of the few-layered Ge-Bu-COOH are visible

n the TEM images ( Figure 2 C, 2 D ). The elemental distribution

 Figure 3 ) of Ge-Bu-COOH ( Figure 3 A ) obtained by the energy-

ispersive X-ray spectroscopy (EDS) shows homogeneous presence
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Figure 3. A) Ge-Bu-COOH TEM image and corresponding elemental distribution maps of B) Ge C) C, and D) O. 
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of germanium ( Figure 3 B ) as well as carbon ( Figure 3 C ) and

oxygen ( Figure 3 D ). 

The chemical analysis was performed by XPS. The survey XPS

spectrum ( Figure 4 A ) shows the presence of germanium as well

as of carbon and oxygen. The composition obtained from the XPS

analysis shows 24.8 at.% Ge, 46.6 at.% C and 28.6 at.% O, which re-

flects the fact that approximately two alkyl groups are connected

to the germanene skeleton composed of Ge 6 units and the rest four

germanium atoms bear hydrogen (Ge 6 H 4 R 2 has theoretical compo-

sition 30 at.% Ge, 50 at.% C and 20 at.% O). The high-resolution

XPS spectra of the individual main elements give clear evidence of

the successful functionalization. The high-resolution Ge 3d spec-

trum is shown in Figure 4 B . The maximum at 32.0 eV corresponds

to Ge bound to carbon or hydrogen. In addition, minor peaks cor-

responding to elemental germanium at 28.4 eV and to germanium

oxide from a surface oxidation at 34.1 eV can be seen. The high-

resolution carbon C 1s spectrum ( Figure 4 C ) shows the presence

of C-C bonds at 285.0 eV originating from the alkyl functionaliza-

tion as well as from the adventitious carbon contamination. The

successful exfoliation and modification of germanane is confirmed

by a peak at 283.1 eV, which corresponds to the Ge bound to car-

bon. The shoulder peak at 288.8 eV is clear evidence of presence

of the COOH group, which terminates the alkyl chain connected

to the germanane. In addition, the intensities of C 1s peaks are

in the 8:1:1 ratio, which also confirms that one Ge-C bond cor-

responds to one COOH group. C-C peak is higher in intensity due

to the presence of the adventitious carbon contamination. In ad-

dition, the high-resolution O 1s spectrum ( Figure 4 D ) confirmed

the presence of the COOH group as evident from the peak at 531.9

eV. The presence of a peak at 528.7 eV suggests oxidation of the

germanane. 

t  
Particle size and surface zeta potential were determined by a

ynamic light scattering (DLS) experiment. The average particle

ize obtained by DLS was 1230 nm ( ±71 nm) with surface zeta-

otential of -22.1 mV ( ±2.0 mV), for details see Table S1 . The neg-

tive zeta potential indicates a successful introduction of the car-

oxylic acid functionalities. 

The Raman spectrum of the prepared material is shown in

igure 5 A together with Raman spectrum of the starting CaGe 2 . In

he Raman spectrum of CaGe 2 , the characteristic in-plane E g vibra-

ional mode is observed at 236 cm 

−1 . The respective E 2 in-plane

ode of the exfoliated Ge-Bu-COOH was observed at 301 cm 

−1 ,

hich also confirmed a successful chemical modification of ger-

anane. Finally, the chemistry of the functionalized Ge-Bu-COOH

as explored using FT-IR spectroscopy ( Figure 5 B ). The vibration

ands of the COOH groups are clearly visible at about 3300 cm 

−1 

O-H stretching mode) and 1730 cm 

−1 (C = O stretching mode) and

-H alkyl chain at about 2920 (C-H stretching mode) and 1400

m 

−1 (C-H scissoring and C-H methyl rocking modes). A vibration

and observed at 20 0 0 cm 

−1 corresponds to a presence of the Ge-

 bond (stretching mode), which is formed as a side product of

aGe 2 exfoliation with an alkyl halide. 

.2. Cytotoxicity of Ge-Bu-COOH 

The cytotoxicity of the bare Ge-Bu-COOH nanosheets was as-

essed against a panel of ovarian and prostate cancer cell lines af-

er their exposure to the material for 48 h, Figure 6 and Table 1 .

or a 24 h treatment of the cells with Ge-Bu-COOH see Figure S1

nd Table S2 . The applied concentration of the nanosheets ranged

rom 0 to 50 μg/mL. The median IC 50 values were 6.5 μg/mL for

he 24 h exposure and 3.65 μg/mL for the 48 h exposure. For the
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Figure 4. (A) XPS survey spectrum of 4-carboxybutylgermanane (Ge-Bu-COOH) and corresponding high-resolution spectra for (B) Ge 3d, (C) C 1s and (D) O 1s. 

Figure 5. A) Raman spectra of Ge-Bu-COOH and CaGe 2 precursor, B) FT-IR spectra of Ge-Bu-COOH. 
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xact values see Table 1 and Table S2 . When determining the tox-

city, a background correction was applied by subtracting the back-

round signal of the Ge-Bu-COOH sheets, for the details see Fig-

re S2 and Table S3 . The Ge-Bu-COOH nanosheets themselves are

educing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro- 

ide, a dye used in the MTT viability assessment, and therefore,

ontribute to the measured signal. The same phenomenon was ob-

erved by our group in a previous study concerning the interfer-

nce of black phosphorus nanoparticles with the tetrazolium dye.

7] This is of particular importance since in many studies pub-
ished, background signal of the studied particles is neglected. That

s the reason why in some studies concerning with the toxicity of

D materials a sudden increase of cellular viability in the highest

oncentrations of the material is observed, even though there has

een an evident trend of the material ́s concentration-dependent

oxicity. Ge-Bu-COOH is considered as non-toxic in the concentra-

ion range below 2.5–5 μg/mL in the case of a 24 h exposure. In

he case of a 48 h exposure, depending on the type of the cell line

ested generally concentrations below 2.5 μg/mL are considered as

on-toxic with prostate tissue-derived cells being even more sen-
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Figure 6. Relative viability of prostate cell lines: PNT1A (grey) and PC-3 (black), 

and ovarian cancer cell lines: A2780 (blue) and A2780/ADR (red) after 48 h treat- 

ment with Ge-Bu-COOH nanosheets. The x-axis represents Ge-Bu-COOH concentra- 

tion ranging from 0 – 50 μg/mL, the y-axis represents the relative cell viability. Val- 

ues are the average of three independent measurements performed in triplicates. 

Data are displayed as mean ± SD. 

Table 1 

Viability of selected cell lines after Ge-Bu-COOH exposure for 48 hours. Comparison 

of half-maximal inhibition concentration values (IC 50 ) for individual cell lines. 

48 h IC 50 ( μg/mL) 

A2780 12.0 ± 2.3 

A2780/ADR 4.9 ± 0.7 

PC-3 2.4 ± 0.1 

PNT1A 2.1 ± 0.6 
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sitive. In general, if the cell viability is not dropping under 80%,

the concentration of the compound/material applied is considered

as "non-toxic". After incubating Ge-Bu-COOH nanosheets with the

cells for 24 h, a more dynamic cellular response was observed in

the comparison with the 48 h cytotoxicity assessment. This is re-

flected in the relatively larger standard deviations of signals, for

details see Figure S1 . 

2.3. Hemocompatibility of Ge-Bu-COOH 

In order to evaluate a potential of Ge-Bu-COOH in biomedical

applications, another parameter that needs to be determined is

the material hemocompatibility, since most of these applications

require an intravenous injection. In vitro blood compatibility was

evaluated by incubating the concentrated red blood cells (RBCs)

with Ge-Bu-COOH for 24 and 48 h followed by determination of

the hemolysis degree. Surprisingly, in comparison with the tox-

icity of Ge-Bu-COOH towards adherent cells, high hemocompati-

bility was observed up to the highest Ge-Bu-COOH concentration

tested. After applying the highest tested concentration of Ge-Bu-

COOH (100 μg/mL), hemolysis accounted for around 2–3% and 5–

6% after 24 h and 48 h of the exposure, respectively, Figure 7 A

and 7 B . This hematotoxicity is extremely low in comparison with

the hematotoxicity of graphene oxide (GO) described by Liao et al.

[22] In their study, they were actually concerning with the hema-

totoxicity of several types of graphene oxides (GO) towards ery-

throcytes. Here, the hemolysis was determined to be 75–90% for

most types of GO particles after only 3 h incubation with 100

μg/mL of the nanosheets. The lowest hemolysis they observed was

around 12.5%. 

2.4. Loading of DOX on Ge-Bu-COOH 

In general, 2D materials are characteristic with an extensive

surface area that provides an unique platform for attaching vari-

ous types of molecules including antineoplastic agents. [23] Large

surface area is one of the key requirements necessary for an effi-

cient drug loading. Many studies reported application of graphene
 4 , 24 ], graphene oxide [ 23 , 25 ], TMDs [ 6 , 26 ], or black phospho-

us [27] in a targeted drug delivery. However, reports describing

he ability of germanane-derived materials in this area are largely

issing, even though its potential in this area is worth detailed

xploration. Ge-Bu-COOH nanosheets (concentration 2.5 μg/mL)

ere incubated with 0 to 15 μM DOX for 24 and 48 h. Ge-Bu-

OOH was dispersed in both PBS as well as in the culture medium

o assess whether and how does the presence of proteins and other

omponents of the cell culture medium affect the Ge-Bu-COOH

inding ability of DOX. Ge-Bu-COOH binding efficiency (BE) was

hen calculated by measuring the fluorescence in the supernatant

f the samples after their incubation with DOX, followed by a sub-

equent calculation of an amount of the material-bound DOX us-

ng its standard concentration curve. In the course of these exper-

ments, two major observations have been made. 

First, an incubation of Ge-Bu-COOH nanosheets with a cell cul-

ure medium greatly decreases its drug binding ability. The most

vident difference was observed during the 24 h incubation where

he decrease in BE appeared to be as high as 45% (2.5 μg/mL Ge-

u-COOH, 1 μM DOX) when comparing the nanosheets incubated

n the PBS and in the culture media. This is most likely caused

y a formation of a material-protein complexes that are hamper-

ng DOX to bind to the nanosheets effectively. It is well known,

hat immediately after an introduction of nanosheets into physio-

ogical environment proteins bind to their surface and create so-

alled "protein corona". [ 28 , 29 ] Protein corona is formed by pro-

eins naturally occurring within the physiological system and its

omposition may vary depending on many factors. Those range

aturally from the type of physiological condition in which the

aterial was introduced, the type of the material itself, its size,

hape, composition, or surface chemistry. Several studies reported

hat responses of a biological system to the introduction of parti-

les are rather dependent on their surface area than on their mass.

 28 , 30 ] This might be particularly important for the 2D materials.

heir extremely large surface-to-volume ratio implies that exten-

ive protein corona formation on their surface might be expected.

e assume that proteins present in the culture medium prevent

OX from binding to the material ́s surface because of the steric

indrances. We observed that higher DOX loading efficiency may

e ensured by preincubating Ge-Bu-COOH nanosheets with DOX

n PBS only, prior to an introduction of the nanosheets into the

rotein-rich environment, e.g. a culture medium or a bloodstream. 

Second, we observed that an increased duration of the Ge-Bu-

OOH incubation with the drug does not necessarily result in a

ore intensive surface binding. Depending on the DOX concen-

ration applied, the 24 h incubation of Ge-Bu-COOH in culture

edium evinced to lead to more efficient DOX binding on the sur-

ace of the nanosheets when compared with the 48 h incubation.

he difference in BE between the 24 and 48 h incubation was

eaching up to 33% (2.5 μg/mL Ge-Bu-COOH, 0.25 μM DOX), see

igure 8 and Table 2 . The binding efficiency of Ge-Bu-COOH (2.5

g/mL) with DOX in PBS was found to be concentration-dependent

eaching up to 66.4 % (1 μM DOX) after a 24 h incubation with ag-

tation. An incubation extended over 48 h evinced drop in the BE

cross the whole concentration range. Simultaneously, a preincu-

ation of Ge-Bu-COOH and DOX in a culture medium was found

o significantly reduce the BE in both time points observed, rarely

xceeding 20%; for details see Figure S3 and Table S4 . 

.5. Cytotoxicity of Ge-Bu-COOH Loaded with DOX 

One of the main disadvantages of DOX anticancer therapy is

he non-specificity of its anticancer effect which might lead to se-

ious side effects towards the healthy tissues. The most serious

ondition patients undergoing DOX therapy might develop, is the

OX-associated cardiotoxicity. [31] This might, especially after ex-
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Figure 7. A) Hemocompatibility of Ge-Bu-COOH nanosheets. Viability of RBCs incubated with increasing concentration of Ge-Bu-COOH (0 – 100 μg/mL) for 24 (red) and 48 

hours (black) at room temperature with agitation. Data represent mean ± SD of three measurements performed in triplicates. Yellow line highlights 80% viability considered 

in general as a threshold – below this value particles would not be considered as non-toxic. B) Hemolysis of RBCs after Ge-Bu-COOH exposure. Photographs of RBCs after 

48h exposure to 0, 2.5, 25 and 100 μg/mL of nanosheets. The presence of red hemoglobin in the supernatant reflects membrane damage of RBCs. + ctrl and –ctrl represent 

positive and negative control, respectively. 

Table 2 

Binging efficiency (BE) of Ge-Bu-COOH in PBS. DOX BE (%) after incubation of Ge-Bu-COOH (2.5 μg/mL) 

with increasing drug concentration ( μM). 

c DOX ( μM) 0 0.01 0.025 0.05 0.1 0.25 0.5 1 5 15 

BE PBS 24 h (%) 0.0 14.6 11.2 21.0 28.6 45.0 55.6 66.4 44.2 26.8 

BE PBS 48 h (%) 0.0 0.0 0.0 0.0 0.0 12.7 32.6 53.5 49.0 33.9 

Figure 8. Binging efficiency (BE) of Ge-Bu-COOH in PBS. X-axis represents DOX con- 

centration ( μM) used for the incubation with Ge-Bu-COOH (2.5 μg/mL), the y-axis 

shows how much od DOX remained bound on the surface of the Ge-Bu-COOH after 

the 24 h (dark blue) and the 48 h (light blue) incubation followed by the double 

washing and by the centrifugation of the nanosheets. Data are shown as mean ±
SD. 
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Table 3 

Summary of the potentiation of DOX anticancer effect after binding it on the 

surface of Bu-Ge-COOH nanosheets. The data were collected for four cell lines 

(A2780, A2780/ADR, PNT1A, PC-3) in two timepoints (24 and 48 h). The aver- 

age potentiation stands for the average of DOX anticancer effect improvement 

by binding it onto Bu-Ge-COOH nanosheets for all the concentration stated and 

for the individual cell line. Maximal potentiation stands then for the maximal 

increase of anticancer effect achieved. 

average potentiation (%) maximal potentition (%) 

24 h 48 h 24 h 48 h 

A2780 7.5 -0.5 30.4 21.6 

A2780/ADR 24.9 27.1 74.4 62.8 

PC-3 22.6 7.7 49.1 30.4 

PNT1A 22.1 11.9 34.5 23.0 
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eeding the highest recommended cumulative dose of DOX, lead

o the a congestive heart failure (CHF) manifesting 50% mortal-

ty. [32] Therefore, several mechanisms have been employed in

rder to overcome this scenario. These include, besides monitor-

ng of the DOX cumulative dose administered to the patient, or

dministration of cardioprotective compounds, [33] also a target-

ng of its effect towards the cancer tissue using nanocarriers [34] .

ere, since the DOX binding ability of Ge-Bu-COOH was proven,

he same panel of ovarian and prostate cell lines was further used

o determine the ability of Ge-Bu-COOH to transfer the therapeutic

argo and to deliver it to the site of action. Again, the non-toxic

oncentration of Ge-Bu-COOH (2.5 μg/mL) was used. The material

as, similarly to previous experiment, incubated in PBS with an

ncreasing concentration of DOX ranging from 0 to 15 μM for 24

. We decided for a 24 h incubation as at the concentration of Ge-

u-COOH was the BE for DOX higher than in the 48 h incubation

xperiment. After washing the unbound drug, Ge-Bu-COOH@DOX

as resuspended in the cell culture medium (final concentration

f Ge-Bu-COOH@DOX per well was again 2.5 μg/mL) and added

o the cells. After incubation for 24 and 48 h, the efficiency of
he drug targeting was assessed. Since similarly to Ge-Bu-COOH

lso Ge-Bu-COOH@DOX was a source of a significant interference,

 background correction was used again. 

Treatment of the cancer cells with Ge-Bu-COOH@DOX potenti-

ted in overall anticancer effects of DOX in all the cells lines and

n both time points. After 48 h, the anticancer effect of Ge-Bu-

OOH@DOX in DOX-sensitive cell lines A2780, PNT1A, and PC-3

as in most concentrations stronger than when using DOX alone,

ee Figure 9 . The highest potentiation of the anticancer effect

chieved for A2780 cell line was 21.6% (15 μM DOX, 2.5 μg/mL

e-Bu-COOH), for PNT1A cell line 30.4% (15 μM DOX, 2.5 μg/mL

e-Bu-COOH), and for PC-3 cell line 23.0% (0.25 μM DOX, 2.5

g/mL Ge-Bu-COOH). An exceptional potentiation of the DOX an-

icancer effect was observed after applying Ge-Bu-COOH@DOX on

2780/ADR cell line. Here, the DOX anticancer effect was increased

y 62.8% after binding it onto the surface of Ge-Bu-COOH (15 μM

OX, 2.5 μg/mL Ge-Bu-COOH), for details see Table 3 . Similar ef-

ect was observed after 24 h where the average potentiation of

OX anticancer effect was around 7.5% for A2780 cell line, 22.6%

or PNT1A cell line and 22.1% for PC-3 cell line. Extraordinary

otentiation was again achieved in A2780/ADR cell line where it

eached on average 24.9% with maximum potentiation exceeding

he 48 h effect when reaching up to 74.4%, see Table 3 , Figure S4 .

n order to verify the data collected and to understand the excep-

ional potentiation of the DOX anticancer effect on a DOX-resistant
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Figure 9. Relative viability of A) A2780, b) A2780/ADR, C) PNT1A, D) PC-3 cell lines after administration of DOX (blue) and Ge-Bu-COOH@DOX (red) for 48 h. The x-axis 

represents the DOX concentration and the y-axis represents the relative cell viability. In the case of Ge-Bu-COOH@DOX, the concentration of Ge-Bu-COOH nanosheets is 

constant across the DOX concentration range (2.5 μg/mL). Values are the average of four independent measurements. Data are displayed as mean ±SD. 
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cell line in the deeper context, fluorescence and holographic mi-

croscopy were further employed. 

2.6. Cellular Uptake of Drug from Ge-Bu-COOH@DOX and DOX 

Distribution in Cells 

Fluorescence microscopy was further employed to track the in-

tracellular uptake and distribution of DOX released from Ge-Bu-

COOH, see Figure 10 . A2780 and A2780/ADR were selected for fur-

ther experiments in order to explore the differences in the Ge-

Bu-COOH@DOX response of DOX-sensitive and DOX-resistant cells.

A2780 and A2780/ADR cells were treated for 6 and 48 h with Ge-

Bu-COOH@DOX and the cell nuclei were subsequently stained with

Hoechst 33342 (displayed in blue). In A2780 cells treated with Ge-

Bu-COOH@DOX for 6 and 48 h, the intracellular incorporation of

DOX (displayed in red) revealed a significant decrease with pro-

longed incubation time. 

In general, the highest intensity of the fluorescence signal was

found to be detected in the cytoplasm of both cell lines. A weak

fluorescence signal was observed after 48 h treatment of A2780

cells with Ge-Bu-COOH@DOX in comparison with the fluorescence

signal after 6 h. On the other hand, visible time-dependent in-

crease in the DOX uptake was observed in A2780/ADR treated with

Ge-Bu-COOH@DOX cells analysed at the same time points. These

results confirm that A2780/ADR cell line evinces, in comparison

with its DOX-sensitive counterpart, a different cellular response to

the drug bound to Ge-Bu-COOH, manifested in the different drug

uptake and its distribution in time. This in turn leads to the di-

verse spectrum of the responses to the drug applied and to the

potentiation of DOX anticancer effect in A2780/ADR cell line. 

2.7. Time-lapse holographic microscopy 

Time-lapse holographic microscopy was employed to thor-

oughly evaluate the interaction of Ge-Bu-COOH and Ge-Bu-
OOH@DOX with ovarian cancer cells A2780 and their DOX-

esistant form A2780/ADR. Holographic microscopy enables a real-

ime monitoring, automatic cell segmentation, and quantitative

easurements of morphological parameters of the cells without

heir staining or labelling. The obtained data are robust, collected

nder real conditions and enable to understand the observed pro-

esses in a deeper context. All the parameters were analysed based

n the data recorded during 24 h experiments. First, an accumula-

ion of bare Ge-Bu-COOH in both cell lines was assessed. Both cell

ines evinced major accumulation of bare Ge-Bu-COOH nanosheets

n the surface of the cells. A2780 cells were then showed to ac-

umulate higher amount of the material when compared with

2780/ADR cells, for details see Figure 11 . 

Further, the collected data were compared with the administra-

ion of Ge-Bu-COOH@DOX ( Figure 12 ) . The impact of the Ge-Bu-

OOH and Ge-Bu-COOH@DOX administration on the average cell

ass was observed ( Figure 12 A) . In this context, the cell mass

eflects anabolic processes and active proteosynthesis, character-

stic for the cell growth. The acquired data were found to be in

n agreement with the results from the cytotoxicity assessment by

TT. After administration of 2.5 μg/mL of Ge-Bu-COOH, both cell

ines were still proliferating, however, the A2780 cells evinced con-

iderably higher proliferation rate ( Table 4 ). Surprisingly, the ad-

inistration of 2.5 μg/mL of Ge-Bu-COOH@DOX induced a signifi-

antly distinct cellular response in the used cell lines. The average

ell mass of A2780 was rapidly increasing in the course of 24 h,

hile the proliferation rate of the resistant A2780/ADR cells was

uccessfully decreased by Ge-Bu-COOH@DOX ( Table 4 ). This con-

rms the potentiation of the DOX effect after its loading on Ge-Bu-

OOH in A2780/ADR cells that are capable of evading its therapeu-

ic effect under normal circumstances. The motility of A2780 and

2780/ADR significantly differs ( Figure 12 B ). Under physiological

onditions, the A24780/ADR cells evince higher motility which re-

ects their higher invasiveness. However, we observed that an ad-
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Figure 10. Intracellular distribution patterns of DOX delivered by Ge-Bu-COOH@DOX after 6 and 48 h incubation with A2780 and A2780/ADR cells. The blue channel 

represents fluorescence of Hoechst 33342-stained nuclei while the red channel represents the fluorescence of DOX. Scale bar 20 μm. 

Figure 11. Colocalization experiment illustrating A2780 and A2780/ADR cells during the treatment with Ge-Bu-COOH (timepoints 0, 6, 12, 18, 24 h after Ge-Bu-COOH 

administration). Ge-Bu-COOH are visualised by blue colour. 

Table 4 

The proliferation of cells A2780 and A2780/ADR after administration of Ge-Bu-COOH and Ge-Bu-COOH@DOX expressed as 

a growth of the least square regression lines. 

treatment vs. cells rise of mean mass curve (pg/h) 

2.5 μg/mL of Ge-Bu-COOH vs. A2780 3.041198954 

2.5 μg/mL of Ge-Bu-COOH vs. A2780/ADR 0.191738757 

2.5 μg/mL of Ge-Bu-COOH@DOX vs. A2780 5.227438339 

2.5 μg/mL of Ge-Bu-COOH@DOX vs. A2780/ADR -1.353703237 
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Figure 12. Quantitative phase time-lapse imaging of A2780 and A2780/ADR cells after administration of 2.5 μg/mL of Ge-Bu-COOH and 2.5 μg/mL of Ge-Bu-COOH@DOX. 

Evaluated parameters: A) average cell mass, B) average cell motility, C) DOX fluorescence after administration of Ge-Bu-COOH@DOX expressed in relative fluorescence units 

(RFU), D) accumulated Ge-Bu-COOH and Ge-Bu-COOH@DOX. 
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ministration of 2.5 μg/mL of Ge-Bu-COOH@DOX greatly suppresses

their velocity ( Figure 13 ) and therefore, this might prevent them

from spreading and also potentially from forming secondary le-

sions, e.g. metastases. 

Quantitative phase imaging (QPI) with fluorescence digital holo-

graphic microscopy was used in order to evaluate the DOX accu-

mulation in both cell lines after application of Ge-Bu-COOH@DOX

( Figure 12 C ). While in A2780 just a slight increase of fluores-

cence was recorded in the course of time, the resistant subtype

A2780/ADR manifested a steady significant increase in the DOX

accumulation within 24 h, which is in an agreement with the

data acquired by the fluorescence microscopy ( Figure 10 ). This

also explains the greater cytotoxicity of the Ge-Bu-COOH-mediated

DOX delivery for A2780/ADR determined by the cytotoxicity as-

says. In A2780 cells, contrarily to the poor DOX uptake delivered

by Ge-Bu-COOH, A2780 cells considerably accumulate Ge-Bu-COOH

nanosheets ( Figure 12 D ) while no accumulation was observed in

the A2780/ADR cells within the monitored period of time. This

implies that Ge-Bu-COOH can make the A2780/ADR cells accumu-

late more DOX while actually not accumulating within the cells

itself. We assume, that Ge-Bu-COOH might bind to the cellular

surface, mechanically block the PGP pump and thus prevent the

cells from pumping the drug out. As a result, the A2780/ADR

cells accumulated more DOX which is under normal circumstances

pumped out of the cells by the overexpressed PGP. We found that

if we block these pumps mechanically with Ge-Bu-COOH, DOX

remains trapped within the cells and induces extensive cellular

death of the cancer cells. Therefore, a superior therapeutic effect of

DOX bound to Ge-Bu-COOH might be observed in A2780/ADR over
A2780. P  
. Conclusion 

In this work, we have reported on the synthesis of 4-

arboxybutylgermanane (Ge-Bu-COOH) nanosheets for a targeted

elivery of the anticancer drug doxorubicin (DOX) to DOX-resistant

ancer cells. The cytotoxicity assessments revealed low toxicity of

e-Bu-COOH up to the concentration 2.5 μg/mL—a concentration

ufficient for an efficient DOX binding. The DOX loading on the sur-

ace of Ge-Bu-COOH nanosheets enabled its delivery to the malig-

ant cells. In DOX-sensitive cells, it potentiated its therapeutic ef-

ect in vitro on average by up to 22.6%. An exceptional therapeutic

ffect was observed in the DOX-resistant A2780/ADR ovarian can-

er cell line. Here, the cytotoxicity of DOX after its loading on Ge-

u-COOH surface was improved on average by up to 27.1% with the

ighest potentiation reaching 62.8% for 48 h treatment and 74.4%

or 24 h treatment. DOX potentiation leading to intensive cancer

ell death was further proved also by fluorescent and holographic

icroscopy. Our study demonstrates a unique potential of Ge-Bu-

OOH as a bio- and hemocompatible nanocarrier suitable for re-

ning and enhancing the therapeutic efficiency of the conventional

ancer treatment. Besides, our study provides new insights into the

esign of new Ge-Bu-COOH-based systems for versatile biomedical

pplications. 

. Experimental Section 

Synthesis of 4-carboxybutylgermanane: Calcium (99%) and ger-

anium (99.999%) were obtained from Alfa, Germany. Methyl 5-

romopentanoate was obtained from Fluorochem, Great Britain.

otassium iodide, potassium carbonate, acetone, hydrochloric acid
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Figure 13. Box and whiskers graph of motility of A2780 and A2780/ADR cells after administration of Ge-Bu-COOH and Ge-Bu-COOH@DOX. 
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37%) were obtained from Penta, Czech Republic. Calcium ger-

anide was made by direct reaction from elements in a quartz

mpoule with an alumina liner. Stoichiometric amount of calcium

nd germanium corresponding to 10 g of CaGe 2 was heated at

0 0 0 °C for 10 h and cooled on room temperature using 1 °C/min

ooling rate. Calcium germanide (200 mg) was placed into a sin-

ered glass funnel and methyl 5-bromopentanoate (5 mL) and

otassium iodide (3 g) were added. Water was added to reach the

ottom of the sintered glass and the mixture was left at room tem-

erature for 5 days. The product was collected by filtration, washed

ith water (5 × 50 mL) and acetone (3 × 50 mL). 1M aque-

us potassium carbonate (30 mL) was added and the mixture was

tirred overnight at room temperature, collected by filtration and

ashed with water (2 × 50 mL). 0.5 M aqueous hydrochloric acid

50 mL) was added and the mixture was stirred for 2 h at room

emperature. The solid was collected by filtration, washed with wa-

er (5 × 50 mL) and acetone (2 × 50 mL). The solid was dried in

acuo and stored in dark under an inert argon atmosphere. 

Material characterization: A field-emission scanning electron mi-

roscope (SEM; TESCAN MAIA 3) was used get take the images of

he morphology of the material. Transmission electron microscopy

TEM) was performed using an EFTEM Jeol 2200 FS microscope

Jeol, Japan) with 200 keV acceleration voltage used for the mea-

urement. The elemental maps were acquired with an SDD detec-

or X-MaxN 80 TS from Oxford Instruments (England). The sample

as prepared by drop casting a suspension of the nanosheets (1

g/mL in water) on a TEM grid (Cu; 200 mesh; Formvar/carbon)

nd dried at 60 °C for 12 h. X-Ray photoelectron spectra (XPS) of

he samples were acquired using a SPECS spectrometer equipped

ith XR 50 MF X-Ray source and Phoibos 150 CCD hemispheri-

al analyzer operating at constant pass energy (80 eV for the sur-

ey and 40 eV for the high-resolution spectra). The Al K α radia-

ion (1486.6 eV) was used for excitation of the electrons. The sam-
les were placed on a conductive carrier made from a gold-coated

ilicon wafer piece. InVia Raman microscope (Renishaw, England)

n a backscattering geometry with a CCD detector was used for

aman spectroscopy. DPSS laser (532 nm, 50 mW) with applied

ower 5 mW and 50x magnification objective were used for the

easurement. The peak of a silicon reference sample at 520 cm 

−1 

as used to calibrate the instrument. Resolution of the spectra was

ess than 1 cm 

−1 . The samples were suspended in deionized water

1 mg/mL) and ultrasonicated for 10 min. The suspension was de-

osited on a small piece of a silicon wafer and dried. An iS50R

TIR spectrometer (Thermo Scientific, USA) was used for the FT-

R experiments. The measurement was performed in a reflectance

ode using the built-in diamond ATR with direct deposition of the

e-Bu-COOH sample onto the surface of the diamond. The dynamic

ight scattering (DLS) experiment was performed using a Zetasizer

ano ZS (Malvern, England). The measurement was performed at

oom temperature (20 °C) using a glass cuvette. The measurements

f the zeta-potential were performed on a Malvern Zetasizer Nano

S. The measurement was performed at pH = 7.0 in 50 mM PBS

olution. A suspension of sample concentration 1 mg/mL in PBS

as used for the measurement. 

Chemical and biochemical reagents: Fetal bovine serum (FBS)

mycoplasma-free), penicillin-streptomycin, and trypsin were pur- 

hased from PAA Laboratories GmbH (Pashing, Austria). Doxoru-

icin solution (2 mg/mL) was purchased from Teva Pharma-

euticals (Prague, Czech Republic). RPMI-1640 medium, Ham’s

12 medium, phosphate-buffered saline pH 7.2 (PBS), MTT

eagent, ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide 

DMSO), and all other chemicals of the ACS purity were purchased

rom Merck (Darmstadt, Germany), unless otherwise noted. 

Cell line and cell culture: A panel of cancerous and non-

ancerous cell lines was used to comprehensively evaluate the ef-

ect of Ge-Bu-COOH on the targeting and on the therapeutic ef-
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ficiency of DOX. The discrimination of the material-bound drugs

between a healthy and a malignant tissue was further assessed

using PNT1A and PC-3 cells. The PNT1A cells represent a non-

cancerous human epithelial prostate cell line, while the PC-3 cells

were established from the bone metastasis of the human prostate

cancer. The potential of the Ge-Bu-COOH-bound DOX to overcome

the mechanism of the drug-resistance was evaluated on a set of

ovarian cancer cells. The A2780 human cancer cell line was es-

tablished from tumour tissue of an untreated patient with ovar-

ian cancer. Further, its Adriamycin-resistant subline (A2780/ADR)

was subjected to the toxicity assessment in order to investigate

whether the Ge-Bu-COOH-bound DOX has any potential to over-

come the difficulties associated with their resistance to the con-

ventional treatment. Cell lines were purchased from Health Pro-

tection Agency Culture Collections (Salisbury, UK). All the cell

lines were cultivated in RPMI-1640 medium, only PC-3 cell line

was grown in Ham’s F12 medium. The Adriamycin-resistant cells

A2780/ADR were treated with 10 −7 M DOX once a week accord-

ing to the supplier’s instructions. Cell culture media were supple-

mented with 10% FBS and with antibiotics (penicillin 100 U/mL and

streptomycin 0.1 mg/mL). The cells were grown in an incubator at

37 °C in a humidified 5% CO 2 mixture with ambient air. 

Preparation of Ge-Bu-COOH: Prior to every use, Ge-Bu-COOH was

sonicated in PBS (Ge-Bu-COOH stock solution concentration 0.1

mg/mL) for 120 minutes. For the Ge-Bu-COOH-mediated drug tar-

geting, a material concentration 2.5 μg/mL was selected since it

was previously confirmed as the highest concentration yet non-

toxic across the panel of tested cell lines (see Figure 6 ). 

MTT cytotoxicity of Ge-Bu-COOH: The cells were seeded on a 96-

well plate at a density ensuring 70% confluence in the day of the

treatment (A2780—130 0 0 cells/well, A2780/ADR—120 0 0 cells/well,

PC-3 80 0 0 cells/well, PNT1A 10 0 0 0 cells/well). The cells were

grown in a culture medium, incubated at 37 °C in a humidified

5% CO 2 atmosphere. After 48 h, the medium was removed and

replaced with a fresh culture medium containing Ge-Bu-COOH in

concentration ranging from 0 to 100 μg/mL (200 μL per well). Af-

ter 24 and 48 h of the treatment, the cell culture medium was

removed again, and the cells were incubated with a fresh medium

containing 1 mg/mL of MTT reagent (200 μL per well) for another

4 h. Plates with the cells were kept in a humidified atmosphere

at 37 °C, wrapped in an aluminium foil. After that, the medium

with MTT was replaced with 99.9% DMSO (200 μL per well) to dis-

solve the formazan crystals. Then, glycine buffer (25 μL per well)

was added to DMSO, gently shaken, and the absorbance at 570 nm

was read. The absorbance was in this and in all the biological ex-

periments mentioned further determined using Cytation 3 Imaging

reader (BioTek Instruments, Winooski, WT, USA). Since in the ab-

sorbance read Ge-Bu-COOH was a source of significant interference

in the absorbance read, a background subtraction was performed

(see Figure S2 and Table S3 for details). The IC 50 values were then

calculated by fitting the data with the logistic function to create a

sigmoidal dose-response curve. All measurements were performed

in tetraplicates. 

Hemolysis Assay: A fresh erythrocyte concentrate was obtained

from St. Anne’s University Hospital (Brno, Czech Republic). The

concentrated red blood cells (RBCs) were diluted by calcium- and

magnesium-free Dulbecco’s phosphate-buffered saline (DPBS) to

the concentration of around 5 •10 8 cells/mL. To test the hemolytic

activity of Ge-Bu-COOH, RBC suspension (0.2 mL, around 10 8 cells)

was added to a suspension of Ge-Bu-COOH in DPBS (0.8 mL). The

final Ge-Bu-COOH concentrations ranged from 0 to 100 μg/mL. D.I.

water ( + RBCs) and DPBS ( + RBCs) were used as the positive and

negative control, respectively. All the samples were placed on a

rocking shaker and incubated for 24 and 48 h. The hemoglobin ab-
orbance in the supernatant was measured at 540 nm, with 655

m as a reference. A degree of the hemolysis was calculated using

quation 1 : 

emol ysis ( % ) = 

(
sampl e ab s 540 −655 nm − negati v e ctrl ab s 540 −655 nm 

posit i v e ct rl ab s 540 −655 nm − negat i v e ct rl ab s 540 −655 nm 

)
x 100

(1)

Loading of DOX on Ge-Bu-COOH: The loading of DOX on the

urface of Ge-Bu-COOH was initiated by the sonication of the

anosheets in PBS (Ge-Bu-COOH stock solution concentration 0.1

g/mL) for 120 minutes. For the Ge-Bu-COOH-mediated drug tar-

eting, material concentration 2.5 μg/mL was selected since it was

reviously confirmed as the highest non-toxic concentration across

he panel of the tested cell lines (see Figure 6 ). After that, we in-

ubated the nanosheets with an increasing concentration of DOX

anging from 0 to 15 μM for 24 or 48 h. After incubation, samples

ere twice centrifuged (2 °C, 90 0 0 rpm, 60 min) and washed with

BS. After the last centrifugation, the Ge-Bu-COOH@DOX samples

ere resuspended in PBS, or a culture medium according to the

equirements of the subsequent experiment. 

Ge-Bu-COOH efficiency of DOX binding: Ge-Bu-COOH (2.5 μg/mL)

as incubated with an increasing concentration of DOX (0–15 μM)

n PBS as well as in culture medium for 24 and 48 h. Ge-Bu-COOH

inding efficiency (BE) was then calculated by measuring the flu-

rescence in the supernatant of these samples. After removing the

anosheets by centrifugation (2 °C, 90 0 0 rpm, 60 min), DOX fluo-

escence in the supernatants was excited at 475 nm and the emis-

ion was detected using a 580 nm bandpass emission filter (Cy-

ation 3 Imaging reader, BioTek Instruments, Winooski, WT, USA).

he percentage of DOX bound onto the surface of Ge-Bu-COOH, e.g.

he binging efficiency (BE) was determined by relating it to the

ata acquired by fluorescence measurement (475 excitation, 580

m emission) of the free DOX in the same concentration range in

oth, PBS and the culture medium (RPMI as well as Ham’s F12 cul-

ure media) using the same spectrophotometer. Ge-Bu-COOH drug

inding efficiency (BE) was calculated using Equation 2 : 

E ( % ) = 

(
10 0 − A Ge −Bu −C OOH@ DOX − 10 0 

A DOX 

)
(2)

here A Ge-Bu-COOH@DOX represents the absorbance of the super-

atant removed after the centrifugation of Ge-Bu-COOH with DOX

nd A DOX represents the absorbance of the DOX solution at the

ame concentration the material was initially incubated with. For

he calculation of Ge-Bu-COOH BE in PBS, a calibration curve of

OX in PBS was used. For the calculation of Ge-Bu-COOH BE in

ell culture medium, a calibration curve of DOX in the cell culture

edium was used. 

Cytotoxicity of Ge-Bu-COOH loaded with DOX: As with our pre-

ious experiment, a panel of cell lines was used to determine any

ossible combinatory anticancer effects of Ge-Bu-COOH and DOX.

he cells were seeded on a 96-well plate at a density ensuring 70%

onfluence in the day of the treatment (A2780—130 0 0 cells/well,

2780/ADR—120 0 0 cells/well, PC-3 80 0 0 cells/well, PNT1A 10 0 0 0

ells/well). Ge-Bu-COOH (2.5 μg/mL) was incubated with an in-

reasing concentration of DOX (0–15 μM) in PBS for 24 h. After the

ncubation, Ge-Bu-COOH@DOX was centrifuged (2 °C, 90 0 0 rpm, 60

in), washed twice with PBS, resuspended in culture medium (fi-

al concentration of Ge-Bu-COOH@DOX per well was 2.5 μg/mL)

nd added to the cells. The plates were then incubated in at 37

C in a humidified 5% CO 2 atmosphere. After the incubation for 24

nd 48 h, the cell culture medium was removed and replaced with

 fresh medium containing MTT reagent (1 mg/mL). The plates

ith the cells were kept in a humidified atmosphere at 37 °C,
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rapped in an aluminium foil. After that, the medium with MTT

as exchanged with 99.9% DMSO (200 μL per well) to dissolve the

ormazan crystals. Then, glycine buffer (25 μL per well) was added

o DMSO, gently shaken, and the absorbance was read at a wave-

ength of 570 nm. Since Ge-Bu-COOH was a source of a significant

nterference, a background subtraction of Ge-Bu-COOH@DOX in the

ell culture medium was performed. The IC 50 values were then cal-

ulated by fitting the data with the logistic function to create a sig-

oidal dose-response curve. All measurements were performed in

etraplicates. 

Cellular uptake and distribution of DOX in cells: The cellular up-

ake and distribution of DOX and Ge-Bu-COOH@DOX were assessed

y fluorescence microscopy (Nikon Eclipse Ti-S, Nikon Instruments

nc., USA) for both A2780 and A2780/ADR cell lines. The cells were

eeded into ibiTreat I 0.8 μ-Slide Luer chambers (ibidi, Martinsried,

ermany). After incubation for 4 days, the cell culture medium

as replaced by a fresh medium containing: 30 nM DOX or Ge-Bu-

OOH@DOX suspension (2.5 μg/mL Ge-Bu-COOH incubated for 24

 with 15 μM DOX, incubation followed by double centrifugation

nd double washing of the nanosheets with PBS). After 6, 12, 24,

nd 48 h, the cells were washed twice with fresh culture medium

nd subsequently stained with Hoechst 33342. The untreated cells

tained in the same way were used as a control. The cells were

nalysed using a fluorescence microscope with excitation/emission

avelengths 350/480 nm for Hoechst 33342 and 480/570 nm for

OX. The images were captured using a Nikon camera (Nikon Dig-

tal Sight DS-Ri2) and analysed by FIJI software. [35] 

Holographic microscopy: Quantitative phase imaging (QPI) of the

iving cells was performed using Q-PHASE, a coherence-controlled

olographic microscope, CCHM (TELIGHT, Brno, Czech Republic).

he microscopic setup is based on an off-axis holography and in-

orporates a diffraction grating allowing imaging with both, spa-

ially and temporally low-coherent illumination leading to high-

uality QPI. [36] After seeding the A2780 and A2780/ADR cells

nto ibiTreat I 0.8 μ-Slide Luer chambers (ibidi, Martinsried, Ger-

any) and incubation for 48 h, the cell culture medium was re-

laced by a fresh medium containing: Ge-Bu-COOH (2.5 μg/mL

n culture medium) or Ge-Bu-COOH@DOX suspension (2.5 μg/mL

f Ge-Bu-COOH incubated for 24 h with 15 μM DOX, incubation

ollowed by a double centrifugation and a double washing of the

anosheets with PBS). The time-lapse monitoring was performed

or 24 h at a frame rate 1 frame/3 min. For holographic observa-

ions, Nikon Plan 10x/0.3 was used, the interferograms for holog-

aphy were taken using a CCD camera (XIMEA MR4021MC). The

uorescence mode used a solid-state light source (Lumencor Aura

I) and a sCMOS camera (Andor Zyla 5.5, 2560 × 2160 px) was

sed to capture the images. Numerical reconstruction is needed to

rocess the raw holographic data and is performed by a Q-PHASE

ontrol software. This software implements established methods

f fast Fourier-transformation and phase unwrapping. The ampli-

ude image and the unwrapped phase image is the output from

he software, where the phase image has high intrinsic contrast

nd may be processed by an available image processing software

nd the amplitude image can be used for the segmentation of Ge-

u-COOH/Ge-Bu-COOH@DOX. Images were analysed using MAT- 

AB custom script. Cells were segmented in the phase images us-

ng specialized QPI segmentation method proposed by Loewke et

l . [37] Ge-Bu-COOH/Ge-Bu-COOH@DOX was segmented by simple

hresholding of the amplitude images. The amount of accumulated

e-Bu-COOH/Ge-Bu-COOH@DOX was calculated from the overlay

f cells and Ge-Bu-COOH/Ge-Bu-COOH@DOX areas as a percent-

ge of the area of the cells covered by the Ge-Bu-COOH/Ge-Bu-

OOH@DOX. Cell tracking for motility calculation was performed

y simple nearest neighbour search (in time) with respect to Inter-

ection over Union (IoU) of segmentation masks, where everything
ith IoU smaller than 0.7 were discarded as segmentation error

nd not used for the motility calculation. 
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