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S1. Extended methods  

S1.1. Gold nanoparticle synthesis  

First, a citrate buffer was prepared by mixing 215 mL aqueous sodium citrate (2.75 mM) solution with 71 mL 

aqueous citric acid (2.75 mM). The solution was boiled for 15 minutes under vigorous stirring, followed by 

the addition of 2.5 mg ethylenediaminetetraacetic acid (EDTA). Next, 71 mL of hot gold precursor solution 

(HAuCl4 in water, 812.5 µM) was rapidly added. The reaction mixture was boiled and agitated for 20 minutes 

and cooled down to room temperature afterwards [29]. The synthesis yielded in ~300 mL NP solution with 

a concentration of cNP = 1.3 nM, determined from UV-Vis absorbance spectroscopy (see section S2.1). 

S1.2. Surface modification of AuNP with HS-PEG-NH2 

Deprotection of Trt-S-PEG-NH2: 0.0349 mmol of commercially available tritylthiol-PEG-amine (3 kDa) was 

dissolved in 3.7 mL CH2Cl, followed by the addition of 307 µL triisopropyl silane (TIPS) and 223 µL 

triflouroacetic acid (TFA). Consequently, similar amounts of TIPS and TFA were added again. The solution 

was covered with parafilm and vigorously stirred for 15 minutes. The solvents were evaporated by rotary 

evaporator (60 °C, 30 mbar) leading to a white solid in the reaction flask. The compound was triturated and 

filter-washed with diethyl ether. Finally, 0.0296 mmol (yield: 84.8%) were obtained. [53] 
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Pegylation of AuNP: The so obtained thiol-PEG-amine was dissolved in miliQ water (10 mg/mL) and 

immediately added to the gold nanoparticle solution (250 PEG/nm2 gold surface). The total gold surface in 

solution was calculated by assuming a perfect sphere for each gold nanoparticle, with a diameter of dc = 12 

nm [54]. The reaction was covered by parafilm and stirred overnight at room temperature before collecting 

in a 40 mL Nalgene centrifuge tubes. First centrifugation was conducted at 4 °C, 30,000 rcf, 60 min. The pellets 

were resuspended in miliQ water, transferred in 2 mL Eppendorf centrifuge tubes for five more rounds of 

centrifugation (25,000 rcf, 30 min), while replacing the supernatant with fresh miliQ water to remove 

unreacted PEG molecules and precursors. 

S1.3. Cell culture 

Mouse embryonic fibroblasts (3T3) cells were cultured in Alpha modified eagles’ medium (AMEM), 

supplemented with 100 U/mL penicillin-streptomycin and 10 % fetal bovine serum. Cells were grown until 

a confluency of 70-80% was reached at 37 °C and 5% CO2. Subculturing was conducted every 2-3 days with 

0.05 % Trypsin/EDTA for chemical detachment of adherent cells. 

S1.4. Cell viability assay 

Cell viability after exposure to AuNPs, CTPR-Gd protein, or the hybrid AuNP@CTPR-Gd was determined 

through individual MTT assays [55]. For this, 2 × 103 cells in 100 µL of AMEM cell media were seeded per 

well in a 96-well plate and grown overnight. The following day the growth media was removed, followed 

by exposure to 100 µL fresh growth media, containing the compound of interest in different concentrations. 

In this study the range was between 0.1 – 50 µg/mL Au, 3 nM – 1.5 µM of free protein, respectively. After 24 

h at 37 °C, 5 % CO2, the cells were washed with 100 µL phosphate buffered saline (PBS) and subsequently 

100 µL growth medium including 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTT) was added. Finally, after 2 h incubation, the growth medium was 

removed, and 100 µL dimethyl sulfoxide (DMSO) was added to dissolve the in situ formed formazan crystals. 

The absorbance of individual wells was subsequently measured at a fixed wavelength of 550 nm and 

background-autocorrected by the absorbance at 630 nm. 
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Figure S1 (A) Cell viability V of AuNP and AuNP@CTPR-Gd, and (B) free CTPR-Gd, in dependence of the 

Au concentration CAu and the protein concentration cprot, respectively. (C) Mass of endocytosed Au and Gd 

per cell (mAu/cell, mGd/cell [pg]) on 3T3 cells exposed to CAu = 0 (control) or CAu = 10 µg/mL AuNP@CTPR-Gd 

(treated) for 24 h, without following incubation in NP-free medium (tinc = 0) as measured with ICP-MS. 

 

S1.5. Cellular uptake study 

Confirmation and quantification of cellular uptake of NPs were carried out by inductively coupled plasma - 

mass spectrometry (ICP-MS). For this, 3 × 105 cells in 2 mL AMEM growth medium were seeded in 6- well 

plates and grown for 24 h. After removing the medium, the cells were exposed to AuNP@CTPR-Gd (CAu = 10 

µg/mL), carried in 2 mL growth medium. After 24 h exposure the medium was removed, cells were washed 

with 1 mL PBS before chemical detachment with 500 µL 0.05 % Trypsin/EDTA. Cells were collected by 

adding 1.5 mL culture medium and transferred in 15 mL falcon tube. Next, trypan blue was used to manually 

quantify life cells in a Neubauer hemocytometer [56]. Afterwards, the cells were centrifuged (200 rcf, 5 min) 

and an additional 1 mL of aqua regia was added to digest them using a Berghof Speedwave XPERT 

microwave digestor. Finally, the amount of Au and Gd was determined by ICP-MS (Thermo Fisher iCAP-

Q). 
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S2. Characterization of hybrid nanoparticles 

S2.1. Pegylated gold nanoparticles 

The concentration of AuNP was determined using Beer-Lambert law, calculating the molar extinction 

coefficient based on the NP diameter as obtained by TEM [57]. For the NPs used here with core diameter dc 

= 11.9 nm accordingly a molar extinction coefficient (at the plasmon peak) of εNP = 1.84 ·108 M-1cm-1 was 

determined. Each AuNP contains around NAu/NP = 51,953 Au atoms [54]. 

  

Figure S2 UV-vis absorbance spectra of AuNP with different surface coatings. 

  

Figure S3 (A) Representative transmission electron microscopy (TEM) image of AuNP with negative 

staining (with Uranyl acetate), used for PEG coated experiments. The scale bar indicates 100 nm. (B) 

Histogram of 121 measured NP core sizes (dc) and (C) histogram of 189 measured NP diameter including 

organic shell (dcs), based on TEM images. 
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S2.2. Characterization of the protein corona around pegylated AuNP 

The change in hydrodynamic diameter dh, measured by dynamic light scattering (DLS), after incubating the 

AuNP with 225 equivalents of CTPR-Gd protein for 2 h at 37 °C didn’t show an increment in size (dh). 

However, a wavelength shift of 1 nm was observed by UV-Vis absorption spectroscopy (Fig. S1). 

Additionally, an indirect method using ICP-MS was conducted. For this, the initial ratio between CTPR-Gd 

protein and AuNP was determined to be 228. After three rounds of centrifugation (20 krcf, 30 min), changing 

the supernatant with PBS, still a ratio of 128 was detected. Since commonly this centrifugation parameters 

are not sufficient to pellet proteins, we conclude a "hard" protein corona was formed [58]. Moreover, gel 

electrophoresis was conducted with pegylated AuNP (left lane) and the mixture of AuNP@CTPR-Gd (right 

lane). It is shown that the pure AuNP moved towards the anode, driven by the amino group moieties on the 

PEG. In contrast the AuNP with CTPR-Gd protein (AuNP@CTPR-Gd) stuck in the pocket and even 

concentrated slightly in direction in the direction of the cathode, which can be explained by the negative 

surface potential of the protein on top of positively charged pegylated AuNP. 

 

Figure S4 Agarose Gel electrophoresis (2% agarose) of AuNP (left lane) and AuNP@CTPR-Gd (right lane). 

S3. Protein characterization 

S3.1. Protein design, cloning, and molecular biology 

The consensus tetratricopeptide repeat (CTPR) protein used herein was engineered using a cloning approach 

previously described [59], and is constituted by 11 repeats from which six were engineered to display 4 Cys 

at non-conserved residues (C4Cys) for metal coordination [60]. The gene encoding this protein was 

constructed temploying a block cloning strategy that involved BamHI and BglII digestion [9]. This gene was 



Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 6 of 23 
 

 

then cloned into the pProEx-HTA vector coding for N-terminal hexahistidine tag and resistance to ampicillin. 

Finally, the gene sequence was checked by DNA sequencing (Stab Vida). 

 
S3.2. Protein expression and purification 
 
The vector containing the engineered CTPR gene was transformed into Escherichia coli C41. Afterwards, 

CTPR protein was expressed by growing the bacteria at 37 °C until the culture reached an optical density in 

the range 0.6-0.8. The protein expression was then induced with 1 mM of isopropyl β-d-thiogalactoside 

(IPTG) followed by 24 h growth at 20 ˚C.  Subsequently, the bacterial cells were harvested through 

centrifugation at 4500 rpm and 20 ̊ C for 15 min. The resulting cell pellet was reconstituted in a buffer solution 

containing 500 mM sodium chloride, 500 mM urea, 50 mM Tris at pH 8.0, and then subjected to lysis via a 

freezing-thaw cycle and sonication. The obtained lysate was subsequently centrifuged at 10000 rpm, 4 ˚C for 

1 h. The supernatant was purified using affinity chromatography, specifically the HisTrap™ High 

Performance, Cytiva. Following this, the hexahistidine tag was cleaved using Tobacco Etch Virus (TEV) 

protease. The mixture of CTPR protein, TEV, and hexahistidine tag was dialyzed against Tris buffer using a 

dialysis membrane with molecular weight cutoff of 6-8 KDa (SpectraPor®), to eliminate the imidazole. 

Subsequently, the solution underwent another round of purification through affinity chromatography to 

remove the TEV and hexahistidine tag from the protein solution. The concentration of protein was 

determined by measuring UV absorbance at 280 nm and applying the Beer-Lambert law (ɛ = 148420 M-1 cm-

1). 

The expression and purification of the engineered CTPR protein was verified through the acrylamide gel and 

by MALDI-ToF (Figure S5). The mass spectrum was acquired on an Applied Biosystems Voyager Elite 

MALDI-TOF mass spectrometer with delayed extraction (Applied Biosystems, Framingham, MA, USA) 

equipped with a pulsed N2 laser (λ= 337 nm). The mass spectra was acquired in positive reflection mode 

using delayed extraction using an extraction voltage of 20 kV. The sample deposition was prepared as 

follows: 1 µL of sample was mixed in a stainless steel MALDI target with 4 µL synapinic acid matrix and let 

dry before analysis. The molecular weight obtained experimentally by MALDI-ToF (45478 Da) is in 

agreement with the theoretically determined from the protein sequence using ExPASy ProtParam tool (45533 

Da).  
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Figure S5 CTPR protein characterization. (A) Acrylamide gel (12% acrylamide) of the purified CTPR protein 

(protein marker on the left). (B) MALDI-ToF spectrum of the CTPR protein, showing the relative intensity 

distribution I of the mass to charge ration m/z. 

S3.3. Labelling of CTPR protein with Gd 

CTPR protein was labelled with Gd following an adapted biomineralization-like procedure [58]. In brief, 1 

mL of protein at 20 mM was incubated with GdCl3 solution (in the ratio 1:6 of protein to gadolinium metals) 

for 30 min at 37 ˚C and 800 rpm. Subsequently, 1.2 mL of NaOH (1 M) were added and further incubated 

overnight at 37 ˚C and 800 rpm. The CTPR-Gd was then purified using a PD-10 column to separate the 

labelled protein from unreacted metals and to buffer exchange to PBS. Finally, the CTPR-Gd was stored at 4 

˚C until further use. The protein concentration in the final sample was determined by Bradford assay 

(Thermofisher). The presence of Gd was confirmed by ICP-MS, obtaineing an average of 6 atoms of Gd per 

protein.  

 

S4. Colocalization  

S4.1. Colocalization analysis 

Colocalization describes an overlap of variables in the same place. This is, of course, more complex than it 

seems at first glance. In microscopy, resolution is limited to a certain pixel size, given by physical or even 

technical parameters. For example, signals from different channels are fully colocalized when measured in 

one pixel. On the other hand, the Pauli principle rules out complete colocalization of two objects, since not 

all quantum numbers can be the same. This means that a meaningful analysis is located between these two 
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extremes. For this work, we need to further distinguish between co-occurrence - the overlap of two signals 

with respect to their pixel intensities - and correlation - the relationship between the signal intensities in one 

pixel and the corresponding values in another. To match and analyze the co-occurrence of signals the 

Pearsons’s correlation coefficient r as well as Mander’s coefficients M1 and M2 were determined for all XRF 

maps using the Coloc2 plugin in the Fiji software V. 1.53c [52]. For that, regions of interest were chosen, based 

on the K Kα emission line, indicating cellular structure.  

S4.2. Pearson’s correlation coefficient (PCC, r) 

A golden standard for matching and predicting the relationship between two types of patterns was described 

mathematically by Pearson in 1896 (Equation 1). The PCC can be thought of as the covariance - relationship 

between two random variables with a common probability distribution - between the two images, which is 

then normalized to the product of the individual standard deviations [9]. 

𝑟 = ∑ (ூಲ(௜) ି ழூಲவ) · (ூಳ(௜) ି ழூಳவ)೔ඥ[∑ (ூಲ(௜) ି ழூಲவ)మ · ∑ (ூಳ(௜) ି ழூಳவ)మ] ೔೔     (Equ. 1) 

IA(i) and IB(i) represent the intensities (here grayscale values) of the different channels (A, B) in the pixel i, 

while <IA> and <IB> are the mean values, respectively. The PCC itself can be a value in the range -1 to 1, where 

-1 means perfect anti-correlation, 0 means no correlation (random distribution), and 1 means perfect 

correlation. Note that the calculation is not sensitive to differences in mean signal intensity but is affected in 

the case of a poor signal-to-noise ratio, pushing the value close to 0 [61,62]. 

S4.3. Manders’ coefficients (Mx) 

Another method of determining the overlap of two signals, considering pixel intensities, was introduced by 

Manders in 1993. Here, the co-occurrence (or abundance) is expressed by two different coefficients: M1 - the 

proportion of signal from channel A in a pixel (i) that overlaps with signal from channel B in the same pixel 

above a certain threshold, M2 correspondingly vice versa [63].  

𝑀ଵ =  ∑ ூಲ(௜)೎೚೗೚೎೔ ∑ ூಲ(௜)೔    with:  𝐼஺(𝑖)௖௢௟௢௖ = ቄூಲ(௜)∶ ூಳ(௜)வ଴଴∶ூಳ(௜)ୀ଴ ቅ  (Equ. 2) 

And: 

𝑀ଶ =  ∑ ூಳ(௜)೎೚೗೚೎೔ ∑ ூಳ(௜)೔    with:  𝐼஻(𝑖)௖௢௟௢௖ = ቄூಳ(௜)∶ ூಲ(௜)வ଴଴∶ூಲ(௜)ୀ଴ ቅ  (Equ. 3) 

The Manders coefficients are thus inherently quite insensitive to low signal-to-noise ratios since many pixels 

are summed above the specified threshold and thus the influence of random noise distribution is negligible. 
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The values range from 0 to 1 and often differ from each other, which provides the opportunity to investigate 

individual dependencies [63]. 

S4.4. Simulation of test patterns – Costes’ significance 

To test the analysis procedure, Costes introduced a statistically significant algorithm based on Pearsons' 

correlation coefficient. Costes' significant test is based on randomly scrambling each pixel in an image and 

comparing the colocalization to the other, unaltered image. After the PCC is generated for a predetermined 

number of randomly generated images (about 200), the proportion of PCCs that is lower than the initial value 

(Costes’ P value) is calculated. If this value is ≥ 0.95, it indicates significant true colocalization [65]. 

For clarification and better understanding of the different coefficients, some examples are shown below (Fig. 

S6). The images were created manually and converted to grayscale images before analysis.  

 

Figure S6 Simulated test patterns for calculating colocalization coefficients. D, G, J are copies from A to 

better demonstrate merged images per row. C, F, I, L, O are the merged images made of the respective first 

and second row.  
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Table S1 Persons’ correlation coefficient (r), Manders’s coefficients (M1, M2) and Costes P-value 

generated on the simulated test patterns (Fig. S6). 

Images r M1 M2 P 

A + B 1 1 1 1.00 

D + E 0.70 0.5 1 1.00 

G + H 0.49 0.25 1 1.00 

J + K 0.55 0.5 0.67 1.00 

M + N -1 0 0 0.00 

 

This illustrates the important role of Manders coefficients, e.g.: when analyzing the colocalization between 

Figure S6 J and K, the PCC value of r = 0.55 is difficult to interpret, while the situation with the Manders 

coefficients is clear. The values confirm that half of the "red" signal co-occurs with the "green" signal and two-

thirds of the "green" signal co-occurs with the "red" signal, just as exemplified in the merged Figure S6 L. 
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S5. Elemental XRF-imaging of all investigated cells 

S5.1. X-ray fluorescence spectra 

 

Figure S7 Summed X-ray fluorescence spectra of 3T3 cell mapping, showing the detected intensity I versus 

energy E. Left spectra (control in which cells were not exposed to AuNP@CTPR-Gd) shows no sign of Au or 

Gd Lα emissions as expected, whereas in the AuNP@CTPR-Gd treated sample (right) Lα emissions from Gd 

(e.g. 6.7 keV) and Au (e.g. 9.7 or 11.6 keV) are clearly visible.   
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S5.2. Different elements 

 Cell 1 Cell 2 Cell 3 Calibration bar 

K Kα 

   
 

Zn Kα 

   

 

Au Lα 

   
 

Gd Lα 

   
 

 

Figure S8 Pseudo colored images of 3T3 cells kept in AMEM growth media for 24 h acquired by XRF-imaging. The 

signals originated from: K Kα emission (first row), Zn Kα emission (second row), Au Lα emission (third row), and Gd 

Lα emission (fourth row). The scale bars indicate 3 µm. 
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 Cell 1 Cell 2 Cell 3 Calibration bar 

K Kα 

   

 

Zn Kα 

   

 

Au Lα 
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Figure S9 Pseudo colored images of 3T3 cells after 24 h of exposure with AuNP@CTPR-Gd (CAu ~10 µg/mL), 

without incubation time in NP-free medium (tinc = 0), acquired by XRF-imaging. The signals originated from: K Kα 

emission (first row), Zn Kα emission (second row), Au Lα emission (third row), and Gd Lα emission (fourth row). The 

scale bars indicate 3 µm. 
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 Cell 1 Cell 2 Cell 3 Calibration bar 

K Kα 
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Figure S10 Pseudo colored images of 3T3 cells after 24 h of exposure with AuNP@CTPR-Gd (CAu ~10 µg/mL) 

followed by tinc = 30 min incubation time in NP-free medium, acquired by XRF-imaging. The signals originated from: 

K Kα emission (first row), Zn Kα emission (second row), Au Lα emission (third row), and Gd Lα emission (fourth row). 

The scale bars indicate 3 µm. 
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 Cell 1 Cell 2 Cell 3 Calibration bar 

K Kα 
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Figure S11 Pseudo colored images of 3T3 cells after 24 h of exposure with AuNP@CTPR-Gd (CAu ~10 µg/mL) 

followed by tinc = 60 min incubation time in NP-free medium, acquired by XRF-imaging. The signals originated from: 

K Kα emission (first row), Zn Kα emission (second row), Au Lα emission (third row), and Gd Lα emission (fourth row). 

The scale bars indicate 3 µm. 
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K Kα 
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Figure S12 Pseudo colored images of 3T3 cells after 24 h of exposure with AuNP@CTPR-Gd (CAu ~10 µg/mL) 

followed by tinc = 120 min incubation time in NP-free medium, acquired by XRF-imaging. The signals originated from: 

K Kα emission (first row), Zn Kα emission (second row), Au Lα emission (third row), and Gd Lα emission (fourth row). 

The scale bars indicate 3 µm. 
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Figure S13 Colocalization between Au and Gd in 3T3 cells exposed to AuNP@CTPR-Gd (CAu ~10 µg/mL) for 

24 h, followed by different incubation times (tinc = 0, 30, 60, and 120 min). Pearsons’ correlation coefficient r 

(A), Manders’ Coefficient M1 (B) and M2 (C) depicted in box plots.  
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S5.3. ROIs defined as vesicles 

 

Figure S14  Pseudo colored images of 3T3 cells after 24 h of exposure to AuNP@CTPR-Gd (CAu ~10 µg/mL), 

followed by tinc = 0 min incubation time in NP-free medium (first row), tinc = 30 min (second row), tinc = 60 min 

(third row), and tinc = 120 min (fourth row). The signal originated from Gd Lα emission. Regions of interest as 

outlined in yellow, show nearly spherical structures, smaller than 1 µm in diameter, which were used for 

analysis. The scale bars indicate 3 µm. 
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S5.4. ROIs in distance to cellular nucleus 

 

Figure S15  Pseudo colored images of 3T3 cells after 24 h of exposure to AuNP@CTPR-Gd (CAu ~10 µg/mL), 

without additional incubation time tinc = 0 (first row), with additional tinc = 30 min incubation time in NP-free 

medium (second row), tinc = 60 min (third row), or tinc = 120 min (fourth row), respectively. The signal 

originated from Zn Kα emission. Yellow regions of interest show cellular nuclei (inner circle) and subsequent 

1 µm distance steps inside cells. The scale bars indicate 3 µm. 
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Figure S16  Pseudo colored images of 3T3 cells after 24 h of exposure to AuNP@CTPR-Gd (CAu ~10 µg/mL), 

without additional incubation time tinc = 0 (first row), with additional tinc = 30 min incubation time in NP-free medium 

(second row), tinc = 60 min (third row), or tinc = 120 min (fourth row), respectively. The signal originated from Gd Lα 

emission. Yellow regions of interest show cellular nuclei (inner circle) and subsequent 1 µm distance steps inside 

cells. The scale bars indicate 3 µm. 
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Figure S17 Quantities of Au (mAu/cell, left) and Gd (mGd/cell, right) for different incubation times in NP-free 

medium tinc as a function of the distance to the cellular nucleus dnuc, as calculated from XRF-imaging maps. 
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Figure S18 Colocalization between Au and Gd as a function of distance to the nucleus dnuc in 3T3 cells 

exposed to AuNP@CTPR-Gd (CAu ~10 µg/mL) followed by different incubation times in NP-free medium 

(tinc = 0, 30, 60, and 120 min). 
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