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Quantitative analysis of biochemical processes in living cells at a 
single-molecule level: a case of olaparib-PARP1 (DNA repair 
protein) interactions
Aneta Karpińskaa, Marta Pilza, Joanna Buczkowskaa, Paweł J. Żukab, Karolina Kucharskaa, Gaweł 
Magierac, Karina Kwapiszewskaa* and Robert Hołysta*

Quantitative description of biochemical processes inside living cells and at single-molecule levels remains a challenge at the 
forefront of modern instrumentation and spectroscopy. This paper demonstrates such single-cell, single-molecule analyses 
performed to study the mechanism of action of olaparib – an up-to-date, FDA-approved drug for germline-BRCA mutated 
metastatic breast cancer. We characterized complexes formed with PARPi-FL - fluorescent analog of olaparib in vitro and in 
cancer cells using the advanced fluorescent-based method: Fluorescence Correlation Spectroscopy (FCS) combined with a 
length-scale dependent cytoplasmic/nucleoplasmic viscosity model. We determined in vitro olaparib – PARP1 equilibrium 
constant (6.06 · 108 mol/L-1). In the cell nucleus, we distinguished three states of olaparib: freely diffusing drug (24%), 
olaparib – PARP1 complex (50%), and olaparib – PARP1 – RNA complex (26%). We show olaparib accumulation in 3D 
spheroids, where intracellular concentration is twofold higher than in 2D cells. Moreover, olaparib concentration was tenfold 
higher (506 nmol/L vs. 57 nmol/L) in cervical cancer (BRCA1 high abundance) than in breast cancer cells (BRCA1 low 
abundance) but with a lower toxic effect. Thus we confirmed that the amount of BRCA1 protein in the cells is a better 
predictor of the therapeutic effect of olaparib than its penetration into cancer tissue. Our single-molecule and single-cell 
approach give a new perspective of drug action in living cells. FCS provides a detailed in vivo insight, valuable in drug 
development and targeting.

Introduction
Several biochemical processes occur after drug penetration into the 
cell, involving interactions with various cellular structures, proteins, 
and genetic material. Therefore, the therapeutic drug effect depends 
on several interrelated processes taking place in living cells. 
Detection of intracellular interactions at a quantitative level may 
allow for the more specific design of subsequent drug candidates. 
Most of the methods used and developed to study such interactions 
are qualitative or semi–qualitative (flow cytometry, confocal 
imaging). There are purely quantitative techniques, such as ex vivo 
biochemical assays or Förster Resonance Energy Transfer (FRET)1, 
used to quantify intracellular interactions. However, most existing 
quantitative methods have several limitations in their application in 
living cells, such as sample fixation2 or, as in the FRET method, the 
need to inject labeled protein.

As an alternative, to provide quantitative data from the cellular 
interior, we used Fluorescence Correlation Spectroscopy (FCS) 
coupled with detailed biophysical models for measurements directly 
in living cells. FCS is a non-invasive method that allows the 
measurement of probes at physiological concentrations (on the 
order of nmol/L). Its application to cells does not need prior fixation 
and requires only one fluorescent species, so measurements are 
performed on cells with metabolism unchanged by external factors. 
The FCS provides information about diffusion coefficient, probe size, 
concentration, or intracellular interactions. The probe size or 

interactions are obtained based on a length-scale dependent 
cytoplasmic/nucleoplasmic viscosity model we previously 
described3–5. Our powerful model has been validated in various 
biological systems, including cancer and normal cells, both 
mesenchymal or epithelial.

The present study provides for the first time quantitative data on the 
uptake and intracellular interactions of the fluorescent derivative of 
olaparib (PARPi-FL) in triple-negative breast cancer (TNBC) cells. The 
principle of action of olaparib is to prevent the repair of damaged 
DNA (Fig. 1). Genetic material constantly undergoes damage, 
approximately at a rate of 10,000 to 1,000,000 molecular defects per 
cell per day6. The accumulation of abnormalities in DNA leads to 
permanent genetic mutations, as well as cell death, which is 
desirable for cancer cells. However, DNA damages are eliminated by 
specialized repair systems, such as base excision repair (BER) or non-
homologous end joining (NHEJ). In DNA break repair, the PARP1 
protein is involved. It is the first line of response to the resulting 
damage to genetic material, facilitating the selection of the repair 
process pathway7. PARP1 binds to a DNA strand by a domain located 
at the N-terminus of the polypeptide chain. DNA break repair by the 
PARP1 protein relies on the process of autoPARylation. The formed 
poly (ADP-ribose) (PAR) polymers bind to breaks formed in DNA. Due 
to the negative charge of PAR polymers8, the PARP1 protein 
dissociates from the DNA strand, recruiting repair enzymes.
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Fig. 1 The principle of action of olaparib. The PARP1 protein binds to 
DNA strand breaks and recruits repair enzymes by dissociating itself. 
In the presence of olaparib, which interacts with the catalytic domain 
of the protein, PARP1 protein is blocked, leading to stabilization of 
olaparib – PARP1 – DNA complexes. The accumulation of single DNA 
strand breaks leads to double-strand breaks, which can be repaired 
by BRCA1 protein. As a result, the cell survives. However, if BRCA1 
protein is mutated, the DNA damage cannot be efficiently repaired, 
and the cell dies, which is desirable for cancer cell treatment.

Nevertheless, there are molecules like olaparib that, by competing 
with NAD+ for a binding site in the PARP1 catalytic domain, inhibit 
PAR formation9. It results in the entrapment of PARP1 at the site of 
DNA damage and thus blocks access to the damage for repair 
proteins. The accumulation of single-strand DNA breaks leads to 
double-strand breaks. Two pathways are then possible, depending 
on whether the cell has BRCA1 mutation or not. If the BRCA1 protein 
is at a normal level, the DNA double breaks are repaired by 
homologous recombination, and the cell survives. The process is 
different for cells with the BRCA1 mutation. In this case, the DNA 
damage is not efficiently repaired, resulting in the activation of 
signaling pathways that lead to cell death.

Results shown in this paper contribute to a better understanding of 
the tested drug’s mechanisms, precisely characterizing the different 
components present inside cells and interacting with the olaparib 
analog. We identified three mobile components in the nucleus of 
MDA-MB-231 cells: a) freely diffusing tested drug, b) complex of 
olaparib analog and PARP1 protein c) interactions with long RNA 
(most probably mRNA or long-non-coding RNA). Using the in vitro 
equilibrium constant, we determined the precise total concentration 
of PARP1 protein not bound to DNA. The study was also extended to 
the cytoplasm. There, we also identified the freely diffusing PARP1 
bound in complex with the tested drug. All the results obtained in 
TNBC cells were compared with Cervical Cancer (CC) cells (HeLa cell 
line). Based on proteomic data, we can conclude that the higher 
accumulation of olaparib derivative in CC cells is related to the 
expression level of PARP1 protein. However, the drug’s therapeutic 
effect is not positively dependent on the amount of PARP1 in the cell. 
Most probably, olaparib therapy’s effectiveness depends on the 

expression level of BRCA1 protein, which is involved in DNA repair. 
The more BRCA1, the better the cell counteracts the effects caused 
by the drug.

Experimental

Reagents

The olaparib derivative named PARPi-FL with catalog number 
6461 used in this study was ordered from Tocris Bioscience 
(Bristol, UK). A stock solution was prepared according to the 
manufacturer's protocol. 1 mg of the compound was dissolved 
in 1.56 ml of sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich) 
to a concentration of 1 mmol/L and stored at -20˚C.

The PARP1 protein used to determine the hydrodynamic radius 
of the protein-inhibitor complex and to define the equilibrium 
constant in a buffer was purchased from Thermo Fischer 
Scientific (Waltham, Massachusetts, USA). The name of this 
product is Human PARP1, His Tag Recombinant Protein, catalog 
number: # A42574. The protein was dissolved in a buffer 
containing 50 mmol/L 2-Amino-2-(hydroxymethyl)propane-1,3-
diol (TRIS, Carl Roth), 100 mmol/L sodium chloride (NaCl, 
Avantor), and 10% glycerol (Sigma-Aldrich). The stock solution 
thus obtained was then diluted to working concentration in 
sterile Phosphate-Buffered Saline (PBS, Sigma-Aldrich) and 
stored at -20˚C.

The ability of PARP1 protein to bind with RNA molecules was 
determined using the product from Thermo Fischer Scientific 
(Waltham, Massachusetts, USA) called RNA control 250, catalog 
number: # AM7155. The solution was stored at -20˚C.

Cell Culture

MDA-MB-231 and HeLa cells came from the American Type 
Culture Collection (ATCC, Manassas, USA). Both cell lines were 
cultured as a standard monolayer in the complete growth 
medium, supplemented with fetal bovine serum (FBS, Gibco), L-
glutamine 1% v/v (Sigma-Aldrich), and the antibiotics: 
streptomycin [10 000 U/ml] and penicillin [10 mg/ml] 1% v/v 
(Sigma-Aldrich). Cultures were performed under standard 
conditions (37˚C, 5% CO2). HeLa cell lines were cultured in 
Dulbecco's Modified Eagle Medium (DMEM) with low glucose 
content (Institute of Immunology and Experimental 
Technology, Wrocław, Poland), while the basal medium for 
MDA-MB-231 was RPMI 1640 with sodium bicarbonate and 
without L-glutamine (Sigma-Aldrich). Using regular passages, 
cells were maintained in a logarithmic growth phase. To detach 
cells from the surface, 0.25% Trypsin-EDTA solution (Sigma-
Aldrich) was used. The trypsinization process was controlled by 
light microscopy.

For FCS measurements or confocal imaging, cells were grown 
on an 8-chamber cover glass Ibidi® (Germany) slide. After 24h 
of cell incubation (approx. 60% of confluence), FCS and confocal 
experiments were performed. Multicellular spheroids were 
obtained by culturing cells on a non-adhesive surface - 
NunclonTM SpheraTM dish (ThermoFisher Scientific). Cultures 
were performed in an incubator providing an optimal 
temperature -  37˚C and a 5% CO2 concentration. A complete 
culture medium without phenol red, suitable for MDA-MB 231 

Page 2 of 12Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

or HeLa (Sigma-Aldrich), was used. On the fifth day, the culture 
suspension was transferred to the measuring plate - an 8-
chambered glass coverslip (CellVis) - on which spheroids were 
deposited, and all experiments were performed. The 
preparation of 3D culture compatible with FCS measurements 
was previously described10.

MTT assay

Experiments proceeded with cell number optimization. This 
step was performed according to the ATCC protocol (MTT Cell 
Proliferation Assay ATCC, 2011).

The initial cell solution was diluted to approximately number – 
1 000 cells/well for MDA-MB-231 and 5 000 cells/well for HeLa 
(controlled with Countess II Cell Counter) and seeded into a 96-
well plate (Greiner Bio-One). Then, cells were incubated 24h at 
37˚C to enable cell attachment. The medium was removed, and 
PARPi-FL at the different concentrations (0.625 –160 μmol/L for 
MDA-MB-231, 0.156 – 80 μmol/L for HeLa) was added to the 
cell fresh medium. Three repeats were performed for each 
concentration. Controls were also performed three times: blank 
- medium without cells, positive control - cells not treated with 
PARPi-FL and negative control - dead cells, toxicant - 1% Triton-X 
100 (Sigma-Aldrich).

The plate was incubated at 37°C for 72 hours. After this time, 
the medium was replaced with a culture medium including 1 
mmol/L 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT reagent, Thermo Fischer Scientific). Negative 
controls additionally contained 1% Triton-X 100. Cells were 
incubated for 4 hours at 37 °C. The solutions were replaced with 
DMSO and incubated for 10 minutes. The absorbance in each 
well was measured at 540 nm using a Synergy HTX multi-mode 
reader (BioTek).

AlamarBlue® assay

The dye was applied according to the manufacturer's protocol 
(General Method for Measuring Cytotoxicity or Proliferation 
Using alamarBlue® by Fluorescence, Bio-Rad). Five controls 
were performed per assay: a) medium alone with dye (blank), 
b) cells with alamarBlue® untreated with PARPi-FL (positive 
control), c) dead cells with alamarBlue®, toxicant - 1% Triton-X 
100 (negative control), d) a pure medium without dye and e) 
cells untreated with the tested compound without alamarBlue® 
(autofluorescence control). After 72h of cell incubation at 37˚C, 
10% alamarBlue® dye was added in phenol red-free culture 
medium (to eliminate the background fluorescence of phenol 
red). Incubation with the dye at 37 °C lasted for 4 hours. After 
this time, the fluorescence in each well was measured at 590 
nm (590/20 filter) for excitation at 560 nm (560/20 filter).

Plots of cell viability were made by taking averages of the three 
repeats and using a logarithmic scale on the x-axis. A logistic 
dose-response function including four parameters, derived 
from the Origin2019b program, was fitted to the measurement 
points.

FCS setup

FCS measurements were performed using a Nikon Eclipse 
TE2000U confocal microscope coupled to a Pico Harp 300 FCS 

equipment (PicoQuant, Germany). Observations were 
performed using a 60x objective (N.A. 1.2) with water 
immersion. A 485 ± 3 nm pulsed diode laser was used to excite 
PARPi-FL fluorescence. The fluorescence photons were 
collected by Single-Photon Avalanche Diodes (MPD and 
PerkinElmer), through a 488 long-pass filter (Chroma, USA) 
positioned in the optical path in front of the detector.

A calibration procedure preceded each measurement. During 
calibration, we characterized the confocal volume using a 
nanomolar solution of rhodamine 110 with a well-known 
diffusion coefficient. We maintained a similar refractive index 
of calibration solution as a studied system by using two different 
solutions: rhodamine 110 in PBS for in vitro measurements and 
rhodamine 110 in 2.5% glucose in PBS for measurements inside 
cells11.

The set temperature (36 ± 0.5˚C) was maintained by a climate 
chamber (Okolab, Italy). In the intracellular FCS measurements, 
the detection volume was positioned in the cytosol/nucleus 
using the imaging mode of the microscope. The accuracy of 
alignment was within 0.5 µm. Once the detection position 
determined, we switched to the FCS mode, and the data were 
acquired.

FCS data were fitted using Equation 1.

𝑮 (𝝉) =  
𝟏
𝑵 (𝟏 +

𝜽𝒕𝒓𝒊𝒑

𝟏 ― 𝜽𝒕𝒓𝒊𝒑
𝐞𝐱𝐩 ( ―

𝝉
𝝉𝒕𝒓𝒊𝒑))∑𝒏

𝒊 = 𝟏
𝑨𝒊

𝟏

𝟏 + ( 𝝉
𝝉𝑫𝒊)

𝟏

𝟏 +
𝟏

𝜿𝟐( 𝝉
𝝉𝑫𝒊)

(1)

where N corresponds to overall particle number in confocal 
volume,  – a fraction of particles in a triplet state,  𝜽𝒕𝒓𝒊𝒑 𝝉𝑫𝒊
stands for the diffusion time of the i-th diffusing component, Ai 
is the amplitude of the i-th component while  corresponds to 𝜿
the aspect ratio of the Gaussian used to approximate the focus. 
The parameter  was determined during calibration and was 𝜿
kept in the range of 5.5-6.5.

Fitting the appropriate mathematical model to the obtained FCS 
curves was carried out using the QuickFit 3.0 software (DKFZ, 
Germany). The parameter to be fitted is the diffusion time of 
the component(s) (depending on the mathematical model 
applied). Based on the value of , the diffusion coefficient 𝜏𝐷
given by Equation 2 is determined.

𝑫 =  
𝝎𝒙𝒚

𝟐

𝟒𝝉𝑫

(2)

where  corresponds to the dimension of a focal volume 𝝎𝒙𝒚
defined during calibration.

FCS measurements in a buffer (in vitro)

The hydrodynamic radius of the PARPi-FL molecule and the 
PARP1 – PARPi-FL complex was determined in PBS solution at 
36˚C using an FCS setup. The concentration of the PARPi-FL 
compound in both cases was 10 nmol/L. PARP1 protein was 
used at a concentration of 10 nmol/L, the same as RNA 
molecule. Each time, ten independent measurements lasting 60 
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s were performed. The hydrodynamic radius, Rh was calculated 
using the Stokes-Sutherland-Einstein equation:

𝑹𝒉 =
𝒌 ⋅ 𝑻

𝟔 ⋅ 𝝅 ⋅ 𝜼 ⋅ 𝑫
(3)

where k is Boltzmann's constant, T stands for the absolute 
temperature, η corresponds to the solvent viscosity.

FCS measurements directly in living cells (in vivo)

The principle of performing FCS measurements directly in living 
cells is shown in Fig. 2. In the first step, the confocal volume was 
positioned in the cell compartment of interest (the nucleus or 
cytoplasm), approximately 2 μm above the glass. The FCS 
measurements within spheroids were performed at a maximum 
depth of 35 μm from the glass. The SymphoTime software 
(PicoQuant, Germany) then captured a fluctuation record of the 
fluorescence intensity of molecules diffusing through this 
volume. By using mathematical processing, the fluctuations 
were represented as an autocorrelation curve. An appropriate 
mathematical model (one, two, or three-component 3D normal 
diffusion), describing the process occurring in the tested area of 
the cell, was then fitted to the FCS curve.

For both 2D and 3D cell measurements, 10 cells were measured 
each time, taking 3-8 individual measurements per cell.

Fig. 2 Scheme of the FCS experiment directly in living cells.

Cytoplasm nanoviscosity of MDA-MB-231

TRITC-labeled dextrans (Sigma-Aldrich) and nanospheres 
(Siliquan, Poland) were introduced into the cytoplasm of MDA-
MB-231 cells by using Cell-IN product (Poland). Calcein-AM 
(Sigma-Aldrich) was spontaneously uptaken by cells. EGFP was 
expressed after transfection with appropriate plasmids. FCS 
measurements were performed as described above. Detailed 
protocols were previously reported3,5.

Determination of partition coefficient 

The partition coefficient was determined as the ratio of the 
concentration inside the cell to the concentration in the culture 
medium. 3-4 independent concentrations were examined. 
Concentrations in the medium were determined by positioning 
the confocal focus outside the cell, in the medium surrounding 
the cell. Before measurements, cells were not washed to 
prevent drug outflow.

Confocal imaging

We used confocal microscopy to visualize the penetration of 
PARPi-FL into two- and three-dimensional cell cultures. The 
fluorescence signal of the olaparib analog comes from the 
BODIPY-FL dye attached to the molecule, which emits radiation 
at a wavelength λmax= 513 nm when excited with a 485 nm laser. 
The equipment included a Nikon A1 confocal microscope with a 
climate chamber (Laboratory of microfabrication, IPC PAS, 
Poland). 

3D imaging was started immediately after adding PARPi-FL to 
the medium with spheroids to a final concentration of 60 
nmol/L. The imaging procedure took about 25 min. After this 
time, without changing any of the settings, another scan was 
done to observe potential differences in signal intensity 
depending on the time of incubation of the spheroids with the 
drug. We used a spectral detector, which allows separation of 
the recorded radiation with a resolution of up to 2.5 nm, to 
eliminate the autofluorescence signal.

Brightness method 

The equilibrium constant of the PARP1 – inhibitor complex in a 
buffer (in vitro) was determined by using the previously 
described brightness method12,13, based on a change of 
molecular brightness (MB) upon the reaction. The inhibitor 
molecule bound to the protein emits a smaller number of 
photons compared to a sample containing the freely diffusing 
inhibitor. 

Molecular brightness is defined as:

𝑴𝑩 =
𝑰

𝑵𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔

(4)

where I is intensity of fluorescence, measures as number of 
detected photons,  is number of molecules present 𝑵𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔
in confocal volume.

Equation 5 was used to determine the fluorescence intensity of 
the free inhibitor.

𝑰𝟏 = 𝑽𝒐 ∙ 𝑵𝑨 ∙ 𝑪𝑷𝒂𝒓𝒑𝒊 ― 𝑭𝑳 ∙ 𝜶

(5)

where V0 [dm3] corresponds to a focal volume defined during 
calibration, NA – the Avogadro number, CPARPi-FL [mol/L] is the 
concentration of the inhibitor equal to 10 nmol/L and α stands 
for a MB of the freely diffusing PARPi-FL.

For the reaction of the PARPi-FL with PARP1, Equation 6 can be 
written.

𝑷𝑨𝑹𝑷𝟏 + 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 
𝑲

 𝑷𝑨𝑹𝑷𝟏 ― 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 
(6)

The expression for the equilibrium constant is given by the 
formula:

𝑲 =  
𝑪𝒆𝒒

𝑷𝑨𝑹𝑷𝟏 ― 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳

𝑪𝒆𝒒
𝑷𝑨𝑹𝑷𝟏 ∙ 𝑪𝒆𝒒

𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳
=

𝑪𝒆𝒒
𝑷𝑨𝑹𝑷𝟏 ― 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳

(𝑪𝑷𝑨𝑹𝑷𝟏 ― 𝑪𝒆𝒒
𝑷𝑨𝑹𝑷𝟏 ― 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳) ∙ (𝑪𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 ― 𝑪𝒆𝒒

𝑷𝑨𝑹𝑷𝟏 ― 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳)
(7)

The Equation 7 can be solved as:

Page 4 of 12Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

𝑪𝒆𝒒
𝑷𝑨𝑹𝑷𝟏 ― 𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 =

𝟏
𝟐 ∙

 (𝑪𝑷𝑨𝑹𝑷𝟏 +𝑪𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 +
𝟏
𝑲 ― ( ―𝑪𝑷𝑨𝑹𝑷𝟏 ― 𝑪𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 ―

𝟏
𝑲)𝟐

― 𝟒 ∙ 𝑪𝑷𝑨𝑹𝑷𝟏 ∙ 𝑪𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳)
(8)

The formed protein – inhibitor complex had a lower 
fluorescence intensity than the MB of the free inhibitor. The 
molecular brightness of the complex was determined as .  𝜸

The expression for the fluorescence intensity of the complex 
formed is presented in Equation 9.

𝑰𝟐 =  𝑽𝒐 ∙ 𝑵𝑨 ∙ (𝜶 ∙ 𝑪𝒆𝒒
𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 +  𝜸 ∙ 𝑪𝒆𝒒

𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 ― 𝑷𝑨𝑹𝑷𝟏)

(9)

When the complex is formed, the recorded fluorescence comes 
from two molecules: the complex and freely diffusing PARPi-FL. 
By determining the fluorescence intensity for different 
concentrations of PARP1 protein at a given ( = 10 nmol/L) 
concentration of free inhibitor, a curve of the dependence of 
the number of photons on the protein concentration was 
obtained. The higher the protein concentration, the lower the 
intensity value. Experimental points were fitted using the 
following equation, resulting from the transformation of 
Equation 9 based on the expression for the equilibrium 
constant.

𝑰𝟐 = 𝑽𝒐 ∙ 𝑵𝑨 ∙ 𝜶 ⋅ [𝑪𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 ― 𝑪𝒆𝒒
𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 ― 𝑷𝑨𝑹𝑷𝟏][𝟏 +

𝜸
𝜶𝑲 ⋅ (𝑪𝑷𝑨𝑹𝑷𝟏 ― 𝑪𝒆𝒒

𝑷𝑨𝑹𝑷𝒊 ― 𝑭𝑳 ― 𝑷𝑨𝑹𝑷𝟏)]
(10)

The schematic principle of the brightness method is shown in 
Fig. 3.

Fig. 3 Schematic of the brightness method. If only freely 
diffusing inhibitor molecules are present in the confocal 
volume, the fluorescence intensity (I1) is higher than the 
fluorescence intensity of the sample after adding a certain 
concentration of PARP1 protein (CProtein  Cinhibitor).  ≫
Therefore, I1 > I2. By performing a series of measurements for a 
fixed concentration of inhibitor and an increasing concentration 
of the protein, a curve was obtained, from which the 
equilibrium constant of the protein – inhibitor reaction was 
determined.

Results and discussion

Olaparib analog penetration under 2D and 3D culture 
conditions

The study started by examining whether the fluorescent derivative 
of olaparib penetrates TNBC cells lacking BRCA1 mutation. For this 
purpose, we performed confocal imaging of MDA-MB-231 cells 
cultured under 2D conditions (Fig. 4E).

We observed that the higher signal recorded in the images came 
from the cytoplasm. Confocal imaging also revealed the presence of 
extracellular membrane-associated vesicles of MDA-MB-231 cells 
(Fig. S1A). These are likely to be oncosomes14,15, taking diameters 
from 100 nm16 to as much as 10 µm17. In our case, vesicles with a 
diameter of 2.25 µm predominated (Fig. S1B).

The study was expanded to include imaging under 3D culture 
conditions that better reflect the properties of cells in a tissue. 
Similar to 2D imaging, the inhibitor was present inside the cells. It 
was found that the fluorescent derivative of olaparib penetrates 
deep into the spheroid in less than 25 min which is in agreement with 
the results obtained in vivo18. Comparing Fig. 4G with Fig. 4H, it is 
hard to see the differences in the intensity of the recorded 
fluorescence signal depending on the incubation time of the 
spheroid with the drug, except for the larger background 
immediately after PARPi-FL addition. For a more detailed analysis, we 
compared the surface intensity plots at a depth of 25 µm of each 
spheroid since the measurement parameters for both scans were the 
same. Visible in Fig. S2 peaks in fluorescence intensity are deriving 
from intracellular PARPi-FL. The main difference that becomes 
evident in the progressive incubation time is the width of the 
individual peaks. After adding the PARPi-FL to the spheroid, the 
fluorescent analog of olaparib is at once present in the whole volume 
of cells. After 25 min, the fluorescence peaks are narrower. The 
change in breadth of fluorescence peaks implies that the tested 
inhibitor accumulates – probably on the nuclear membrane. Most 
importantly, in both cases (Fig. S2B,D), the maximum fluorescence 
intensity does not exceed 3000 AU – the penetration of olaparib in 
cells within spheroids is rapid and does not progress upon further 
incubation time. Using FCS, we verified that the compound was 
evenly distributed within subsequent layers of the spheroid after an 
incubation. For this purpose, concentrations in three consecutive 
layers of the spheroid were measured. The results, schematically 
shown in Fig. 4H, prove that the total drug concentration up to 30 
µm into the spheroid is the same.
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To quantify the penetration effectiveness of the olaparib analog, we 
measured a partition coefficient19 – the ratio of the intracellular drug 
concentration to extracellular drug concentration. The higher is the 
partition coefficient, the better effectiveness of uptake. The partition 
coefficient is a useful parameter in the determination of 
physiologically based pharmacokinetic (PBPK) models, and it can be 
applied to assess the distribution of a drug within a tissue. Moreover, 
in the case of a chemical that binds to a protein (like the tested 
olaparib), this parameter can be essential in the characterization of 
the saturable binding, which affects the distribution and elimination 
of a drug19. In the FCS approach, the partition coefficient can be 
easily determined by positioning the confocal focus inside and then 
outside cells and further analyzing the concentration from these two 
spots. The intracellular concentration was the sum of all 
concentrations of observed components in FCS. Detailed results for 
intracellular and extracellular concentrations for TNBC cultured 
under both 2D and 3D conditions are shown in Table S1. 

We also examined Cervical Cancer (CC) cells (HeLa cell line) to verify 
if the penetration of the tested inhibitor is a cell type-specific 
property. HeLa cell line, similarly to MDA-MB-231 cells, does not 
have BRCA1 mutation. Confocal imaging (Fig. 4E,F) revealed a 
significant difference in the distribution of the tested compound 
between these two cell lines. We observed the accumulation of the 
olaparib analog in the nucleus in HeLa cells. Also, the extracellular 
vesicles seen in MDA-MB-231 cells were not visible in CC cells. 
Therefore, it can be assumed that oncosomes are property specific 
for a particular type of tumor cells. The presence of oncosomes can 
be associated with olaparib release20, which significantly affects the 

drug concentration in cells. Moreover, the penetration effectiveness, 
measured as the partition coefficient, of PARPi-FL into CC cells was 
1.5 times higher compared to TNBC. The partition coefficient values 
obtained under 2D and 3D culture conditions are presented 
graphically (Fig. 5D) to better visualize the differences between the 
tested cell lines. Under 3D culture conditions, both tested cell lines 
take up about two times more of the olaparib analog than in 2D. It is 
known that culture conditions have essential meaning for the 
morphology of cells, the organization of cytoskeleton filaments, or 
cell adhesion21. In 3D cell culture, cells adhere to the extracellular 
matrix, which is a porous scaffold enabling undisturbed drug access 
to the entire surface of the cell10. Moreover, a significant difference 
in PARP1 expression, and thus a number of drug targets, was 
observed between 2D and 3D cells22. The obtained results are 
summarized in Table 1.

Cytotoxicity of olaparib analog for TNBC and CC cells without 
BRCA1 mutation

We performed two independent cytotoxicity assays: MTT and 
alamarBlue®, to investigate whether drug accumulation in the 
nucleus (olaparib’s site of action) of HeLa cells translates into a 
therapeutic effect. We used the MTT assay to determine the 
concentration of PARPi-FL causing inhibition of mitochondrial 
dehydrogenase activity, while alamarBlue® to find the concentration 
of metabolic reduction reaction of resazurin dye. For more details, 
please see Supplementary Information, SI4.

Both methods showed that concentrations of several µmol/L of the 
tested drug caused inhibition of growth of half of both tested types 

Fig. 4 Differences in olaparib analog cytotoxicity and distribution within the cell for CC and TNBC. (A, B) Viability of MDA-MB-231 cells 
incubated 72 hours with PARPi-FL as a function of compound concentration, with IC50 value based on MTT and alamarBlue® assay, 
respectively. (C, D) Viability of HeLa cells incubated 72 hours with PARPi-FL as a function of compound concentration, with IC50 value based 
on MTT and alamarBlue® assay, respectively. In all cases, a logistic dose-response function including four parameters, derived from the 
Origin2019b program, was fitted to the measurement points. Results indicate mean ± SD (n = 6) (E) Confocal imaging of MDA-MB-231 cells 
after incubation with PARPi-FL compound. (F) Confocal imaging of HeLa cells after incubation with PARPi-FL compound. (G) MDA-MB-231 
spheroid imaged immediately (<2 min) after PARPi-FL addition. (H) MDA-MB-231 spheroid imaged after 25 min incubation. The green 
fluorescence signal was excited with a 485 nm laser and recorded with a spectral detector. PARPi-FL penetrates even into the deepest layers 
of the spheroid up to 70 µm from the glass. Picture H includes the results of PARPi-FL concentration measurements in three consecutive 
layers of MDA-MB-231 spheroid. The 3D structure of the spheroid was captured by acquiring images with a 0.12 µm step size. z = 0 
corresponds to the first layer of the cells on the glass surface. For z = 5 µm the concentration of olaparib analog was C =784 ± 126 nmol/L, for 
z = 17 µm, C = 751 ± 174 nmol/L and for z = 30 µm, C = 712 ± 115 nmol/L.
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of cells. For MDA-MB-231, the IC50 value determined by the 
alamarBlue® method was 1.01 μmol/L (Fig. 4B), which was about 
twice lower than from the MTT assay (2.09 μmol/L) (Fig. 4A). IC50 
concentrations for HeLa cells were higher: 6.73 µmol/L (Fig. 4D) and 
5.49 µmol/L (Fig. 4C) based on alamarBlue® and MTT assay, 
respectively. The results showed that CC cells are more resistant to 
the fluorescent derivative of olaparib compared to TNBC cells.

According to the manufacturer’s information and based on in vitro 
assays, the IC50 of PARPi-FL is 12.2 nmol/L23. However, depending on 
which metabolic process is the basis of the study, a different value 
can be obtained, as confirmed by measurements for olaparib24,25. 

From MTT assays on TNBC cells incubated with olaparib, an IC50 of 
13.5 μmol/L was obtained26, which is ten times higher than the 
results from the experiments performed for PARPi-FL. Presented 
studies also found that the fluorescent derivative showed efficacy for 
TNBC lacking BRCA1 mutation, which is in good agreement with 

studies recently reported26. For HeLa, the survival of cells incubated 
with olaparib at a concentration of 10 µM for 72 hours was above 
60% based on the MTS assay27. Considering the above, it can be 
concluded that the fluorescent derivative of olaparib in both TNBC 
and CC may be involved in unexplored processes and be more toxic 
to cells than olaparib. It is also possible that the equilibrium constant 
between olaparib, PARP1 protein, and DNA is lower than for the 
fluorescent derivative of olaparib.

Cellular nanoviscosity as a tool for the identification of the 
compounds

FCS measurements directly in living cells allow us to determine the 
interactions with PARP1 that a tested compound undergoes at a 
quantitative level. It has been shown that proper analysis of the 
mobility of the molecules in complex liquids requires considering the 
nanoviscosity of the probed system28. The nanoviscosity of the cell 

Fig. 5 Equilibrium constant of olaparib – PARP1 complex, cytoplasmic nanoviscosity and partition coefficient of HeLa and MDA-MB-231. (A) 
Equilibrium constant fit of PARP1 – olaparib analog complex from one of two independent experiments. The fit parameters were: 
concentration of PARPi-FL compound (CPARPi-FL) and equilibrium constant (K). The molecular brightness of the freely diffusing PARPi-FL (α) and 
the PARP1 – olaparib analog complex (γ) were set. (B) Cytoplasm nanoviscosity curve obtained in the MDA-MB-231 cell line. (C) Cytoplasm 
nanoviscosity curve obtained in HeLa cell line3. For b and c, the scaling function (the mathematical model) is described by Equation 11, while 
the parameter values obtained after fitting are given in Table S3. (D) Dependence of partition coefficient on the concentration of olaparib 
analog in culture medium. Results are shown for both tested cell lines: MDA-MB-231 and HeLa, including 2D and 3D culture conditions. For 
graphs B and C, results indicate mean ± SD (number of tested cells N = 15), while for graph D, the error bars correspond to total differential 
method (number of tested cells N = 12).
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nucleus was determined previously4, while the cytoplasm 
nanoviscosity we defined by the dependence: 𝜼𝒆𝒇𝒇 = 𝜼𝟎 𝑨 𝒆𝒙𝒑[( 𝝃𝟐

𝑹𝑯
𝟐 +

𝝃𝟐

𝒓𝒑
𝟐) ― 𝒂

𝟐]
(11)

Table 1 Comparison of quantitative data (concentrations and fractions of individual components in the nucleus, total concentration of 
PARP1 protein in the cytosol, concentration of free PARP1 protein in the nucleus, concentration of PARP1 protein bound to DNA, and 
partition coefficient determined under 2D and 3D culture conditions) between MDA-MB-231 and HeLa cells. Errors were calculated using 
total differential method (number of tested cells N = 10; each cell was measured three times).

Fraction of the component The concentration of the 
component [nmol/L]

Partition 
coefficient

Cell line

Freely 
diffusing 
PARPi-FL

PARP1 – 
olaparib 
analog 

complex

olaparib 
analog – 
PARP1 –  

RNA 
complex

Freely 
diffusin

g 
PARPi-

FL

PARP1 – 
olaparib 
analog 

complex

olaparib 
analog – 
PARP1 –  

RNA 
complex

The 
concentration 

of PARP1 – 
olaparib 
analog 

complex in 
the cytoplasm 

[nmol/L]

The 
concentration 

of freely 
diffusing 

PARP1 protein 
in the nucleus 

[nmol/L]a

The 
concentration 

of PARP1 
protein bound 

to DNA 
[nmol/L]b

3D 2D

MDA-
MB-231

0.24 ± 
0.08

0.50 ± 
0.05

0.26 ± 
0.06

12.95 ± 
3.89

28.04 ± 
2.72

16.34 ± 
2.86 67.96 ± 1.03 32.45 ± 5.98 219.77 14.33 ± 

4.54

6.92 
± 

2.34

HeLa 0.03 ± 
0.02

0.67 ± 
0.02

0.30 ± 
0.01

15.19 ± 
10.12

339.14  ± 
9.11

151.85 ± 
3.85 60.51 ± 0.95

355.85 ± 
87.42 631.70 23.52 ± 

0.45

9.06 
± 

1.78

a based on the equilibrium constant in a buffer,b based on proteomic data29.

where ηeff is the effective viscosity of cytoplasm, η0 stands for the 
viscosity of water, A corresponds to a preexponential factor of the 
order of one, ξ and RH are length scales characteristic for a cell line, a 
is an exponent smaller than 1 and rp stands for the hydrodynamic 
radius of a tested probe. For more details, see work3,5. Based on the 
effective viscosity measurements, it is possible to determine the 
predicted diffusion coefficient inside the cell for a molecule of known 
hydrodynamic radius.

We quantified parameters a, ξ, and RH for each of the examined cell 
lines separately (Table S3). The cytoplasmic nanoviscosity of MDA-
MB-231 cells was determined for this study. The experimental data 
obtained with the mathematical model are shown in Fig. 5B.

The size of olaparib analog alone and in complex with PARP1 
protein

After obtaining the nanoviscosity curves, we determined the sizes of 
the olaparib analog and the PARP1 protein – inhibitor complex in PBS 
solution. An example of structure size approximation is the 
hydrodynamic radius, which is a radius of an idealized sphere with a 
translational diffusion coefficient D (calculated according to Stokes-
Sutherland-Einstein relation (3)) equal to the measured one. The 
hydrodynamic radii of the probes were calculated from the FCS 
measurements of diffusion coefficient, which are summarized in 
Table S4, and the exemplary autocorrelation curves are shown in Fig. 
S3. It is a good approximation in case of globular proteins, however 

less accurate in case of more complex shapes and may be a source of 
confusion when linking the molecular mass of the particle with its 
hydrodynamic properties.

PARP1 protein is made of six well-structured segments connected 
with flexible and approximately inextensible linkers30, thus to relate 
the structure with measured diffusion coefficient more elaborate 
procedure is required. The diffusion coefficient can be calculated 
from the simulated particle trajectory and, like in the case of 
experimental data, related to the particle’s hydrodynamic radius. 
A solitary sphere undergoing three dimensional Brownian motion 
with diffusion coefficient D has a mean square displacement 
between the initial position and position at time t

𝒎𝒔𝒅(𝒕) = ⟨|𝒓(𝒕) ― 𝒓(𝟎)|𝟐⟩ = 𝟐𝑫𝒕𝑻𝒓𝑰 = 𝟔𝑫𝒕
(12)

where TrI is a trace of a unit tensor. Another possibility is to use 
analytical results31 for the lower bound on the diffusion coefficient. 
Here we use the Brownian dynamics approach with the generalized 
Rotne-Prager-Yamakawa approximation of hydrodynamic 
interactions32,33. In order to conveniently interpret simulation result 
we introduce a Brownian time scale , after which a  τB =  a2 3D
sphere having a reference radius a (and diffusion coefficient D (3)) 
has a mean square displacement  ( ) = 2a2. For example, two msd τB
spheres of equal radii a (Fig. S4) that are connected with a flexible 
and inextensible linker (center to center length l = 4a) have msd (3

) = 3.89a2.  Consequently, the diffusion coefficient of the two is τB
(3.89/6) D ≈ 0.65D and the hydrodynamic radius is (6/3.89) a ≈ 1.54a. 

Page 8 of 12Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

The latter is neither 2a nor the radius of a sphere having twice the 
volume of a single component.

The PARP1 particle model consists of six beads and interconnecting 
linkers. Each bead represents a single structured segment with a 
hydrodynamic radius calculated based on its PDB structure. We used 
the GRPY package34 for that purpose. It has recently been 
incorporated into the US-SOMO35 software, which includes multiple 
bead model generators. The hydrodynamic radius of PARP1 
calculated from its structure is approximately 6.9 nm that is 3.9 times 
larger than the hydrodynamic radius of its smallest constituent 
structure (3ODA in PDB), which we chose as reference radius (Fig. 
S4). The 5% discrepancy between measurement and first principle 
calculations provide additional confidence into experimental 
conduct. The modeling details are explained in the Supplementary 
Information, SI7.

Equilibrium constant of PARPi-FL and PARP1 protein in a buffer

Before the measurements in living cells, we determined the 
equilibrium constant of the PARP1 – olaparib analog complex by 
using the brightness method12. Measurements were performed for 
different concentrations of PARP1 protein, ranging from 1 nmol/L to 
100 nmol/L, with a constant concentration of inhibitor. The 
dependence of the number of photons per second on the 
concentration of PARP1 protein is shown in Fig. 5A.

Upon inhibitor binding to the protein, the brightness of the 
fluorescent derivative of olaparib decreases, reflecting a drop in 
intensity with increasing PARP1 protein concentration. This results in 
an average equilibrium constant of 6.06 · 108 mol/L-1 (from two 
independent experiments), which agrees with the values of the 
dissociation constant of the PARP1 – olaparib complex24. At an 
inhibitor concentration of 10 nmol/L, the fluorescence intensity no 
longer changes significantly at a protein concentration of about 10 
nmol/L, indicating one inhibitor molecule per protein molecule. The 
result reveals a high affinity of the drug for PARP1 protein.

Interactions of PARP1 protein with an RNA molecule

It is known that the PARP1 protein binds to DNA. Nonetheless, RNA 
has a similar chemical structure as DNA, which differs at the 
molecular level by only one nucleotide and carbohydrate core. RNA 
molecules are mobile and have different sizes, so that many of them 

could be a component of the FCS curve obtained in the cell. We 
performed an FCS experiment in a buffer to check whether the 

fluorescent complex PARPi-FL – PARP1 binds to RNA molecules 
(Supplementary Information, SI8).

We identified three components. The slowest component of the FCS  
curves (Fig. S6) was the olaparib analog – PARP1 – RNA complex. 
From the obtained diffusion coefficient, we calculated the 
hydrodynamic radius based on Equation 3, which was 57.10 ± 6.51 
nm.

We performed a control experiment using the inhibitor with RNA 
molecule to exclude the possibility of their non-specific biding. The 
resulting diffusion coefficient was consistent with the diffusion 
coefficient of the free olaparib, indicating no interaction with RNA. 
Fig. 6A shows how to determine if an additional component is 
present in a sample based on the shape of the curve.

Quantitative analysis of cellular uptake of olaparib analog in 
the nucleus of TNBC and CC cells

Confocal imaging revealed that the fluorescent derivative of olaparib 
is present in the nucleus of MDA-MB-231 cells. We confirmed that by 
quantitative FCS measurements. The tested inhibitor binds to the 
freely diffusing PARP1 protein in 50.1 %, irrespectively of external 
concentration used in the study. For HeLa Kyoto, the presence of free 
PARP1 was reported previously36. The remaining percentage is 
represented by free PARPi-FL (23.8 %) and interactions of PARP1 
protein with nuclear RNA. An example of an FCS curve with the fit 
model and components indication is shown in Fig. 6B. The PARP1 – 
olaparib analog complex was identified based on nucleus 
nanoviscosity by comparing the predicted diffusion coefficient4 with 
the coefficient obtained in MDA-MB-231 cells (Table S7).

The third, slowest component of the FCS curve showed great 
diversity. The diffusion coefficient of this component took values 
ranging from 3.6 to 0.2 µm2/s (Fig. S7). Based on the previously 
mentioned measurements in the buffer (Supplementary 
Information, SI8), we interpreted that the slowest component 
corresponds to interactions of the PARP1 – olaparib analog complex 
with RNA molecules present in the nucleus. From the obtained in 
vitro diffusion coefficient of the third component (Supplementary 
Information, SI8), its diffusion coefficient in the nucleus was 
estimated to be 0.99 µm2/s using the nucleus nanoviscosity curve4. 

Fig. 6 Interpretation of FCS curves with a graphical scheme of its possible components. (A) Normalized FCS curves for the inhibitor alone, the 
olaparib analog – PARP1 protein complex, the olaparib analog – PARP1 protein – RNA complex, and the inhibitor – RNA mixture. From the shape 
of the curves, it can be seen that the fluorescent derivative of olaparib does not bind the RNA molecule. The diffusion coefficient is the same as 
for the inhibitor alone. (B) FCS autocorrelation curve from the MDA-MB-231 nucleus with the three-component diffusion model fitted. (C) 
Scheme of a cell showing the different fractions of the PARP1 protein: the freely diffusing cytoplasmic fraction, free PARP1 in the nucleus, the 
DNA-bound and RNA-bound protein. For more details, please see Table 1.
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This value is similar to the average (0.8 µm2/s) of the diffusion 
coefficient of the third component detected in the nucleus of TNBC 
cells. It proved that one of the components present in the 
nucleoplasm is likely to be a complex consisting of an RNA molecule, 
the PARP1 protein, and the tested inhibitor. Moreover, the ability of 
PARP proteins to bind to RNA molecules has been demonstrated 
previously37.

The large range of the third component diffusion coefficient may be 
due to the interactions that RNA undergoes in the cell nucleus, such 
as interaction with chromatin38 and proteins39. In addition, nuclear 
RNA is known to exhibit a large distribution, from a half-length in the 
range of 10-15 kb to very short molecules40. For example, the 
diffusion coefficient of different types of RNA molecules in 
mammalian cells can vary from 0.04 to 1.9 µm2/s41.

We also conducted the quantitative FCS measurements for PARPi-FL 
uptaken by HeLa cell line, in which the drug was accumulated in the 
nucleus, as shown on the confocal images. A significant difference at 
the quantitative level between TNBC and CC was observed. The 
PARPi-FL concentration inside the nucleus of HeLa cells was around 
ten times higher than the one observed in the nucleus of MDA-MB-
231 cells at the same external drug concentration. Moreover, we 
noted crucial differences in the fractions of the individual 
components. For HeLa cells, the amount of freely diffusing drug was 
almost tenfold lower (about 3% of the total concentration of the 
compound), compared to the fastest fraction inside MDA-MB-231 
cells. Based on the concentrations of the freely diffusing inhibitor as 
well as the PARP1 – olaparib analog complex and the equilibrium 
constant determined in PBS solution, we defined the amount of 
PARP1 protein freely diffusing in the nucleus of both cell types. These 
values were 32.45 nmol/L for MDA-MB-231 and 355.85 nmol/L for 
HeLa, respectively. Thus, a more than the tenfold higher abundance 
of PARP1 unbound to the genetic material was noted for CC. The 
equilibrium constant in vivo was assumed to be the same as in vitro 
due to the lack of significant nanoviscosity changes between cells 
and buffer for probes with hydrodynamic radii less than 10 nm5.

Moreover, we determined the total PARP1 protein concentrations 
for both cancer types, based on the proteomic data29 and knowing 
the cell volumes (6 900 µm3 for HeLa cells and 8 400 µm3 for MDA-
MB-231, determined using NIS-Elements software). After subtracting 
the concentrations of PARP1 protein bound to RNA, present in the 
cytoplasm and freely diffusing in the nucleus, we obtained the 
concentrations of DNA-bound PARP1. This concentration was equal 
to 631.70 nmol/L for HeLa cells, while for TNBC cells – 219.77 nmol/L. 
This higher DNA-bound PARP1 abundance in CC may be due to both 
the greater accumulation of DNA damage in these cells and the 
greater importance of the PARP protein-mediated repair pathway of 
the resulting breaks in genetic material.

Based on the performed quantitative FCS analysis, we found that 
observed differences in the distribution of olaparib derivative 
between HeLa and MDA-MB-231 cells rely on the expression levels 
of PARP1 protein of both cell lines. PARP1 protein expression level in 
CC is significantly higher than in TNBC (Western blot assay)27. This is 
also confirmed by proteomic data29 (337 nmol/L for MDA-MB-231 
and 1200 nmol/L for HeLa after considering the cell volume). Thus, 
more PARP1 protein in HeLa cells indicates an increase in the amount 
of protein-associated probe (the second component in our FCS 
measurements). A summary of the observed differences between 
cells as the quantitative results is shown in Table 1.

According to the presented results, it can be said that higher 
resistance to the tested olaparib analog is positively correlated with 

PARP1 protein expression. From the literature, it is known that the 
overexpression of PARP1 protein in breast cancer stem cells is 
associated with resistance to olaparib42. Moreover, for 
neuroblastoma cases43 and breast cancer44, high levels of PARP1 
expression are associated with a poor prognosis. However, it is also 
important to note that the tested cell lines are free of BRCA1 
mutation. The BRCA1 protein is involved in the repair of olaparib-
induced DNA damage. So the more BRCA1 protein there is, the more 
effective the repair processes are. Based on the literature, it is known 
that HeLa cells produce significantly more BRCA1 protein compared 
to TNBC cells27. Moreover, from proteomic data29, it is known that 
the HeLa cell line is the second most-producing BRCA1 protein. All of 
this leads to the conclusion that despite the higher accumulation of 
the drug in tissues (HeLa), the therapeutic effect is closely related to 
the amount of BRCA1 protein. Thus, it is clear that the best treatment 
effects with PARP inhibitors will be found in TNBC patients without 
the BRCA1 mutation. However, even cells having BRCA1 protein but 
in low amounts are sensitive to olaparib.

PARP1 protein present in the cytoplasm of TNBC and CC cells

We performed analogous studies for the cytoplasm of MDA-MB-231 
and HeLa cells. The obtained FCS autocorrelation curves were fitted 
with the same model as in the nucleus. Similarly, component 
identification was performed based on the scale-dependent 
cytoplasm viscosity model (Equation 11, Table S3). Based on FCS 
curves analysis, the second component in the cytoplasm of TNBC was 
found to correspond, as in the nucleus, to the PARP1 – olaparib 
analog complex. A comparison of the predicted diffusion coefficient 
of PARP1 protein in the cytoplasm with the obtained diffusion 
coefficient is shown in Table S7.

The third component present in the cytoplasm of MDA-MB-231 took 
similar values as in the nucleus with the average equal to 0.83 ± 0.29 
µm2/s, which stands for a hydrodynamic radius of 78 nm. It 
corresponds to non-specific binding, probably to cytoplasmic mRNA 
45. In accordance with the previously mentioned measurements of 
RNA with PARP1 in a buffer (Supplementary Information, SI8), it is 
known that the size of the 2,000 nt RNA molecule is 57.10 ± 6.51 nm. 
Based on the cytoplasmic nanoviscosity of MDA-MB-231 cells (Fig. 
5B), a diffusion coefficient of 1.14 ± 0.30 µm2/s was calculated. This 
value is within the error of the coefficient obtained from the cytosol. 

For HeLa, identification of the components revealed that the second 
component of the CC cytoplasm corresponds, as in the cytoplasm of 
MDA-MB-231, to the PARP1 – olaparib analog complex. The 
predicted and obtained diffusion coefficient was respectively 7.45 ± 
0.43 µm2/s and 6.48 ± 1.23 µm2/s. The diffusion coefficient of the 
third slowest component of the cytoplasm was 0.58 ± 0.61 µm2/s. 
Based on the cytoplasm nanoviscosity of HeLa (Fig. 5C), most likely, 
this component is also responsible for interactions with cytoplasmic 
mRNA.

Expression of PARP1 protein in the cytoplasm of breast cancer was 
reported previously46,47. Moreover, it was shown that the high 
expression of cytoplasmic PARP in TNBC correlates with an 
aggressive tumor course and predicting an unbeneficial long-term 
prognosis. As described previously, the presence of cytoplasmic 
PARP1 may become a predictive marker for the activity of PARP 
inhibitors48. However, this study showed that the inhibitor – protein 
complex concentration in the cytoplasm for both tested cell lines was 
virtually the same while the therapeutic effect differed. Thus, the 
statement about the predictive potential of the cytoplasmic form of 
the PARP1 protein seems doubtful.
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Conclusions
In this study, for the first time, we presented quantitative data on the 
penetration of olaparib analog into TNBC cells (MDA-MB-231 cell 
line), comparing them with results for CC cells. We pinpointed which 
components (freely diffusing inhibitor, PARP1 – olaparib analog 
complex, and olaparib analog – PARP1 – RNA complex) and at what 
concentrations are present in the cell nucleus after incubation with 
the fluorescent derivative of olaparib, PARPi-FL. PARP1 protein was 
identified not only in the nucleus of cancer cells but also in the 
cytoplasm of both tested cell lines. In the case of HeLa cells, the 
presence of cytoplasmic PARP1 was reported for the first time. 
However, we proved that PARP1 protein levels in the cytoplasm are 
not associated with the therapeutic effect. For both cell lines, the 
concentrations of this component were very similar (60.51 nM for 
HeLa and 67.96 nM for MDA-MB-231), while the resistance of HeLa 
cells was higher. 

We noted numerous differences between TNBC cells and CC cells. 
HeLa cell line was more resistant to the fluorescent derivative of 
olaparib. Confocal imaging showed the accumulation of the tested 
inhibitor in the nucleus of CC cells. Moreover, the effectiveness of 
penetration of the tested inhibitor into HeLa cells based on the 
partition coefficient determined under 2D and 3D culture conditions 
was about 1.5 times higher. In contrast, MDA-MB-231 showed 
oncosomes, vesicles characteristic of tumor cells, which presence 
does not appear to be relevant to the success of PARP inhibitor 
therapy. Our novel approach of quantitative FCS analysis directly in 
living cells proved what was seen on imaging. In the HeLa nucleus, 
the total concentration of olaparib analog was approximately 10-fold 
higher. Based on the literature and proteomic data, we know that 
drug accumulation in the nucleus is related to the amount of PARP1 
protein, just as the effectiveness of penetration depends on the 
abundance of the drug target, which in the case of olaparib is PARP1 
protein. Thus, olaparib is an example of a targeted therapy that acts 
on cells with specific determinants. Importantly, the effectiveness of 
drug penetration and accumulation at the site of action, which is the 
cell nucleus, does not imply the success of the therapy. Both cell lines 
tested are lacking BRCA1 mutation. The FDA approves the use of a 
PARP inhibitor drug for patients diagnosed with TNBC carrying BRCA1 
mutation because only then the DNA damage caused by olaparib is 
not repaired. However, the results presented in this study are 
evidence that also cell lines without BRCA1 mutations can be 
sensitive to the used inhibitor, like MDA-MB-231. Sensitivity 
understood as the success of therapy is closely correlated with the 
amount of BRCA1 protein. HeLa cells produce significantly more of 
this protein, making them more resistant to the tested inhibitor.
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