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Abstract: Cytotoxicity quantification of nanoparticles is commonly performed by biochemical assays
to evaluate their biocompatibility and safety. We explored quantitative phase imaging (QPI) with
digital holographic microscopy (DHM) as a time-resolved in vitro assay to quantify effects caused by
three different types of organic nanoparticles in development for medical use. Label-free proliferation
quantification of native cell populations facilitates cytotoxicity testing in biomedical nanotechnology.
Therefore, DHM quantitative phase images from measurements on nanomaterial and control agent
incubated cells were acquired over 24 h, from which the temporal course of the cellular dry mass was
calculated within the observed field of view. The impact of LipImage™ 815 lipidots® nanoparticles,
as well as empty and cabazitaxel-loaded poly(alkyl cyanoacrylate) nanoparticles on the dry mass
development of four different cell lines (RAW 264.7, NIH-3T3, NRK-52E, and RLE-6TN), was observed
vs. digitonin as cytotoxicity control and cells in culture medium. The acquired QPI data were
compared to a colorimetric cell viability assay (WST-8) to explore the use of the DHM assay with
standard biochemical analysis methods downstream. Our results show that QPI with DHM is
highly suitable to identify harmful or low-toxic nanomaterials. The presented DHM assay can
be implemented with commercial microscopes. The capability for imaging of native cells and the
compatibility with common 96-well plates allows high-throughput systems and future embedding
into existing experimental routines for in vitro cytotoxicity assessment.

Keywords: digital holographic microscopy quantitative phase imaging; nanoparticles; cytotoxicity;
in vitro; cell culture; dry mass; WST-8 cell viability assay

1. Introduction

Nanotechnology is an emerging research field in medicine and pharmaceutical sci-
ences. The physico-chemical advantages of nanoparticles are utilized for diagnosis of
diseases, enhanced drug delivery, as well as for support in regenerative medicine [1,2].
During the last decade, the US Food and Drug Administration has approved the commer-
cialization of more than 100 nanomedicine applications and products [3]. For example,
inorganic nanoparticles like iron oxide and gold are applied as contrast agents [4,5] while,
organic nanomaterials like polymeric or liposomal, as investigated in this study, can ful-
fill various pharmaceutical and medical functions, such as drug carriers, contrast agents,
immunotherapies or gene editors [6,7]. Recently, the prominent role of medical nanotech-
nology in current science and medicine was highlighted by the lipid nanoencapsulation
of the mRNA-based COVID-19 vaccine [8,9]. However, the advantageous properties of
organic nanomaterials are also accompanied by complexities, which require extensive pre-
clinical testing. In contrast to industrial nanomaterials, for which primarily risks to humans
upon accidental exposure must be considered, for medical applications, the understanding
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of the entire impact of nanoparticles on cellular processes is essential for both effectiveness
and safety [10,11].

Preclinical research and safety control of nanomaterials are commonly performed
utilizing dye-based in vitro cell culture assays. For the development of new drugs, drug
carriers, or contrast agents, the assessment of cytotoxicity and effects on cell viability and
proliferation represents an essential starting point, which requires assay chemicals for quan-
titative endpoint determination. Well-known challenges of in vitro cell culture assays are
interactions of optically active nanomaterials with colorimetric cytotoxicity assays, which
require a careful selection of suitable test systems for accurate hazard and safety characteri-
zation [12,13]. Often, optical particle-assay interactions limit the applicable concentrations
of the tested nanomaterial and the determination of low effect levels of low-toxicity nano-
materials [14,15]. In addition, fluorescence labeling-based microscopy is widely used for
mechanistic analysis of cellular responses to small molecules and nanomaterials. Although
fluorescence techniques show high specificity, the involved laboratory resources can be
high, and, similar to colorimetric methods, nanomaterial-assay interferences have to be
carefully considered [12,16]. In particular, due to the various possible nanomaterial-assays
interactions identified in several studies, results of colorimetry and label-based in vitro
cytotoxicity studies on nanomaterials were found inconsistently and sometimes even con-
tradictory [17,18]. These findings create the demand for new methods for the analysis
of cellular responses to organic nanoparticles, which are insensitive to interactions with
the tested nanomaterial and can be combined with other biochemical analysis methods
downstream [19,20].

In this context, quantitative phase imaging (QPI) provides time-resolved in vitro as-
says for nanoparticle effect quantifications by label- and dye-free extraction of the cellular
dry mass from quantitative phase images of native cell populations [21]. Recently, QPI
has received increased attention due to various scientific and technological advances, in
particular by improvements in optical hardware and computational power [21]. Various
studies have demonstrated QPI to be a versatile tool for minimally invasive label-free
imaging of biological specimens and time-resolved cellular analysis in preclinical biomedi-
cal setups [22]. This includes wound healing assays [23], cytometry [24,25], tumor drug
resistance analysis [26], histopathology [27], and red blood cell phenotyping, e.g., in ane-
mias [28] as well as cytotoxicity testing [29–31]. Engineered nanoparticles not intended
for medical use have also been tested in a QPI-based cytotoxicity assay [32]. In contrast
to many established cell viability and proliferation assays that measure specific endpoints
after strict incubation times with the test material, the minimally invasive character of
QPI allows for long-term time-resolved simultaneous assessment of cellular proliferation,
cell death, and other morphology associated cellular processes. In addition to biophysical
parameters like dry mass development [33,34], single-cell morphology and migration could
be extracted from QPI images. These earlier results indicate QPI as potent and multimodal
assay readout method.

In this study, digital holographic microscopy (DHM [35]), an interferometric variant
of QPI, is explored as in vitro assay to quantify the effects of organic nanoparticles in
development for medical use on four eukaryotic cell lines. To consider features and cellular
diversity of different organs of origin, we incubated RAW 264.7 macrophages, NIH-3T3
fibroblasts, NRK-52E kidney cells, and RLE-6TN lung epithelial cells, representing different
origin organs, with different concentrations of nanomaterials, digitonin as cytotoxicity
control, as well as cell culture medium control and subsequently imaged the cells in a DHM
system equipped with a stage-top incubator over 24 h. The resulting QPI image series were
evaluated for changes in dry mass development as a readout for the proliferation of the
investigated cells. In parallel, a widely used WST-8 cell viability assay was performed with
the same cell lines and nanomaterials to compare metabolic rate results with the biophysical
data from the new DHM assay.
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2. Materials and Methods
2.1. Cell Lines and Cell Culture

Experiments were performed with RAW 264.7 mouse macrophages, NIH-3T3 mouse
fibroblasts, NRK-52E rat epithelial kidney cells, and RLE-6TN rat lung epithelial cells. The
selection of cell lines consider features and cellular diversity of different organ origins,
cell, and uptake types and allows identification of cell type-dependent cytotoxicity [15].
Cell lines were cultured according to the standard cell culture procedures without antibi-
otics [15]. Mycoplasma contamination was frequently controlled by a commercial qPCR
kit (Sartorius, Göttingen, Germany). RAW 264.7 mouse macrophages (ATCC® TIB-71TM,
American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% fetal calf serum (FCS, PAN-Biotech, Aidenbach, Germany), 1 mM Pyruvate (Biochrom,
Berlin, Germany), and 2 mM Glutamine (Merck, Darmstadt, Germany), passaged twice
a week. NIH-3T3 mouse embryonic fibroblasts (ATCC® CRL-1658TM) were cultured in
DMEM supplemented with 10% FCS, 1 mM Pyruvate, and 2 mM Glutamine, passaged three
times a week. NRK-52E rat kidney epithelial cells (ATCC® CRL-1571TM) were cultured
in DMEM supplemented with 10% FCS, 1 mM Pyruvate, and 2 mM Glutamine, passaged
twice times a week. RLE-6TN rat lung epithelial cells (ATCC® CRL-2300TM) cultured in
Roswell Park Memorial Institute (RPMI, Sigma-Aldrich, St. Louis, MO, USA) medium
supplemented with 10% FCS, 1 mM Pyruvate, and 2 mM Glutamine, passaged twice times
a week, passages 5-20 were used for DHM QPI cell proliferation experiments and WST-8
cell viability assays.

2.2. Nanomaterials

For the study, a set of polymeric and lipid-based nanomaterials were used. LipImage™
815 lipidots® [36–38] for biomedical imaging applications (particle size (DLS): 52.2 nm,
polydispersity index: 0.102, endotoxin contamination: < 1 EU/mL) were provided by
CEA-Leti (Grenoble, France). These lipid-based particles contained an IR780-lipid dye in
their lipophilic core and were synthetized by solvent evaporation method. Empty PACA
nanoparticles [39] for drug delivery (particle size (DLS): 134 nm, PDI: 0.11, endotoxin
contamination: < 1 EU/mL), and cabazitaxel-loaded PACA nanoparticles [40,41] for cancer
treatment (particle size (DLS): 140 nm, PDI: 0.13, endotoxin contamination: <1 EU/mL)
were provided by SINTEF Industries (Trondheim, Norway). These PEGylated nanoparticles
were synthetized by emulsion polymerization from a water phase containing the alkyl
cyanoacrylate monomers and the aqueous phase containing hydrochloric acid and the
PEG-surfactants. All nanoparticle dispersions and digitonin solutions (Sigma-Aldrich, St.
Louis, MO, USA) were prepared freshly from the manufacturer stocks before each cell
culture experiment.

2.3. Cell Preparation for Time-Lapse DHM QPI Proliferation Experiments

Cells were cultivated for 3–5 days up to a confluence of 90%. Afterward, cells were
harvested and seeded into 96-well imaging plates (µ-Plate 96 Well Black, ibidi, Munich,
Germany) for DHM QPI experiments (Figure 1a). For this purpose, cells were centrifuged
at 330× g for 5 min after harvesting with trypsin/EDTA (Sigma Sigma-Aldrich, St. Louis,
MO, USA) and transferred into black 96-well imaging plates for DHM QPI experiments.
NIH-3T3, NRK-52E, and RLE-6TN cells were seeded at a density of 15,000 cells/well
(RAW 264.7 50,000 cells/well) in 300 µL complete cell culture medium. DHM QPI time-
lapse experiments were performed on subconfluent cell populations. Well plates were
incubated at 37 ◦C and 5% CO2 for 24 h before replacing the medium with complete
cell culture medium containing digitonin or nanoparticles in defined concentrations. For
DHM experiments, cells were either incubated with medium control, digitonin cytotoxicity
control, or nanoparticles, and then placed in the preheated incubator chamber (ibidi,
Munich, Germany) of a Nikon Ts2R microscope with attached DHM QPI module as



Cells 2022, 11, 644 4 of 21

described in section “Time lapse QPI by DHM”. Four positions per well (n = 4) were
imaged in each of three independently performed experiments (N = 3).
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colorimetric viability assays. (b) DHM measurements were performed with a modular off-axis setup 
based on an inverted research microscope and the sample placed inside a stage-top incubator. Se-
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were acquired immediately after nanomaterial incubation at n = 4 measurement positions per well 
every 30 min for 24 h. (c) The QPI image sequences of 15 quantitative phases at each individual 
measurement point per position were averaged to reduce the impact of coherence-induced image 
disturbances that are induced by the laser light. (d) For each experiment, the temporal dry mass 
course and the dry mass increments after 24 h in 12 fields of view from three independent experi-
ments were determined from the averaged QPI images, and subsequently, the mean values were 
calculated. (e) Experimental procedure for the WST-8 viability assay. Colorimetric readout of 24 
technical repeats total per concentration in three independent experiments was performed after 24 
h of incubation with nanoparticles and controls. (f) Effects, quantified in three independent experi-
ments, were reported as viability percentages of medium control cells. **,***: Statistical significances 
were determined for both assays. 
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quantitative phase imaging (QPI) of living cells (Figure 1b). A stage top incubator cham-
ber with a heating system (K-frame heating system, ibidi GmbH, Munich, Germany) and 
gas incubation system (K-frame gas control system, ibidi GmbH, Munich, Germany) al-
lowed time-lapse investigations of living cells in a 5% CO2 atmosphere at physiological 
temperature (37 °C). The coherent light source for the recording of digital holograms was 
a fiber-coupled solid-state laser (Cobolt 06-DPL, λ = 532 nm, Cobolt AB, Solna, Sweden). 

Figure 1. Experimental workflow of the DHM in vitro assay for cytotoxic effect quantification of
organic nanoparticles in development for medical use and WST-8 cell viability assay. (a) Cell lines
were transferred from cell culture vessels to 96-well imaging and assay plates for microscopic and
colorimetric viability assays. (b) DHM measurements were performed with a modular off-axis
setup based on an inverted research microscope and the sample placed inside a stage-top incubator.
Sequences of 15 DHM QPI images with modulated object illumination via an electrically tunable
lens were acquired immediately after nanomaterial incubation at n = 4 measurement positions per
well every 30 min for 24 h. (c) The QPI image sequences of 15 quantitative phases at each individual
measurement point per position were averaged to reduce the impact of coherence-induced image
disturbances that are induced by the laser light. (d) For each experiment, the temporal dry mass
course and the dry mass increments after 24 h in 12 fields of view from three independent experiments
were determined from the averaged QPI images, and subsequently, the mean values were calculated.
(e) Experimental procedure for the WST-8 viability assay. Colorimetric readout of 24 technical repeats
total per concentration in three independent experiments was performed after 24 h of incubation with
nanoparticles and controls. (f) Effects, quantified in three independent experiments, were reported as
viability percentages of medium control cells. **, ***: Statistical significances were determined for
both assays.

2.4. Time-Lapse QPI by DHM

An inverted Nikon Ts2R microscope (Nikon, Tokyo, Japan) equipped with an attached
DHM module, based on concepts described previously [23], and a motorized microscope
stage (Märzhäuser, Wetzlar, Germany) was applied for bright-field imaging and quan-
titative phase imaging (QPI) of living cells (Figure 1b). A stage top incubator chamber
with a heating system (K-frame heating system, ibidi GmbH, Munich, Germany) and gas
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incubation system (K-frame gas control system, ibidi GmbH, Munich, Germany) allowed
time-lapse investigations of living cells in a 5% CO2 atmosphere at physiological tem-
perature (37 ◦C). The coherent light source for the recording of digital holograms was a
fiber-coupled solid-state laser (Cobolt 06-DPL, λ = 532 nm, Cobolt AB, Solna, Sweden).
Digital off-axis holograms of the specimens were recorded with a complementary metal-
oxide-semiconductor (CMOS) sensor (UI-3260CP-M-GL, IDS GmbH, Obersulm, Germany)
using a 20x microscope objective (Nikon Plan 20x/0.4, Nikon, Japan) every 30 min for 24 h.

Initially selected field of views (FOVs) at the beginning of the imaging process were
observed during the whole experimental period of 24 h. FOVs at t = 0 were selected
individually with regard to representative cell confluencies for each cell line and to achieve
cell numbers > 100 cells within 12 FOVs for each individual experiment, in accordance
with earlier studies on the reproducibility of cell analysis with DHM [42]. For each mea-
surement and time point, one bright-field image and 15 holograms were captured while
the object illumination wave was modulated by an electrically tunable lens (ETL) [43]. The
reconstruction of quantitative phase images from the digitally captured holograms was
performed numerically by a variant of the Fourier transformation method as described
before [44], utilizing custom-built software implemented in python 3.7. In short, off-axis
holograms were transferred to the spatial frequency domain using a fast Fourier trans-
formation (FFT) where twin image and zero-order intensity contributions, as well as the
linear phase shift due to the off-axis tilt, were eliminated. Afterward, an inverse FFT was
applied to retrieve the complex object wave, from which subsequently the object wave
phase distribution modulo 2π was calculated with the atan2 function. Spherical phase
aberrations, such as caused by the microscope objective and ETL, were determined from the
size of the frequency sideband of the real image [44] and then subtracted from the initially
reconstructed phase map modulo 2π, to achieve a plane phase background without the
need of numerical fitting procedures, recording of specimen-free reference holograms or
previous knowledge about specimens within the FOV. Optional numerical refocusing was
applied, utilizing a convolution approach [24] to propagate the object wave to the image
plane if cells were not optically in focus during hologram recording. Subsequently, after
reconstruction, unwrapped quantitative phase images for every position and time point
were averaged to reduce coherence-induced image disturbances [43]. Irregular spatial
phase background fluctuations, such as caused by optical thickness variations of the bottom
of the applied polymer well chambers used, were compensated by the ImageJ feature
“Subtract background” based on the rolling ball algorithm [45] with identical parameters
for all conducted experiments. The resulting averaged and background corrected QPI
images contain information about the phase shift ∆ϕcell induced by the cells as described
by Equation (1), where ncell is the integral cellular refractive index which is proportional to
the concentration of the entire intracellular content, nmedium is the refractive index of the
cell culture medium and dcell is the thickness of the cells [46].

∆ϕcell =
2π

λ
dcell(ncell − nmedium) (1)

Due to the experimental configuration of our study, the absolute parameters dcell and
ncell (Equation (1) are unknown and can change temporally after incubation of cells with
nanomaterials, for example, as caused by toxicity-related water content alterations or
membrane bursts [40,47]. We thus monitored instead of ∆ϕcell the temporal dry mass
course and the dry mass increment of the entire cell population within the field of view
(FOV) after 24 h, which is independent of the cellular water content, as described below.
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2.5. Determination of the Cellular Dry Mass from Quantitative Phase Images

The temporal dry mass course and the dry mass increment of the entire cell population
after 24 h were calculated from the average induced phase shift ∆ϕ (calculated from
Equation (1) within the FOV as described with details in [34]:

dm =
λ

2πα
∆ϕSFOV (2)

In Equation (2) SFOV represents the area of observed field of view = 450 µm × 338 µm =
152,100 µm2 while λ = 532 nm represents the light wavelength of the utilized laser. For the
specific refractive index increment α, which relates the phase shift to the intracellular protein
content, following [48–50], the value 0.19 × 10−3 mm3/g (=̂ 0.19 mL/g) was assumed.

2.6. WST-8 Cell Viability Assay

A colorimetric WST-8 cell viability assay was performed in parallel to DHM QPI
experiments, as illustrated in Figure 1e [51]. Cells harvested with trypsin/EDTA from
culture dishes were seeded in a density of 50,000 cells/mL (5000 cells/well) for the cell
lines NIH-3T3, NRK-52E, and RLE-6TN and 150,000 cells/mL (15,000 cells/well) for RAW
264.7 in 96-well plates. The assay plates were incubated for 24 h at 37 ◦C and 5% CO2.
After an incubation time of 24 h for attachment and differentiation of cells, the medium
was replaced with a control agent and nanomaterial containing cell culture medium. Upon
exposure of cells with controls and nanoparticles, 96-well plates were incubated for 24 h at
37 ◦C and 5% CO2. Upon completion of incubation time with control agents and nanoparti-
cles, the medium was aspired and replaced by 100 µL warm cell culture medium. After
4 min of equilibration, the medium was removed and 100 µL of freshly prepared, warm
WST-8 working medium (0.7 mM WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (Carbosynth Ltd., Compton, UK);
0.0134 mM 1 1m-PMS 1-methoxy-5-methylphenazinmethosulfate (Sigma Sigma-Aldrich,
St. Louis, MO, USA) in complete cell culture DMEM) were added to all wells. The assay
plates were then incubated for 60 min at 37 ◦C and 5% CO2. After the incubation time, the
plates were placed in a spectrophotometer and shaken for 2 min. The absorption of the
reduced WST-8 formazan was measured at 450 nm (CLARIOstar, BMG Labtech, Ortenberg,
Germany), and the reference wavelength 620 nm was subtracted. Medium control was set
to 100% viability. Independent experiments were repeated at least 3 times (N = 3) with 24
technical replicates total (n = 24) of each sample and control. Overall viability percentages
the mean and standard deviation were calculated.

2.7. Statistical Analysis

All data were produced in three independent experiments (N = 3). Statistical signif-
icance was calculated using GraphPad Prism version 8.3.0 for the dry mass increment
measurements according to double-sided Student’s t-test, and significance levels were
given as p < 0.005(***), p < 0.01(**), and p < 0.05(*). A pre-test was performed to confirm
the applicability of the chosen t-test, and Bonferroni correction was applied. An ANOVA
was performed for the statistical analysis of the WST-8 assay results, and significance levels
were given as p < 0.005(***), p < 0.01(**), and p < 0.05(*).

3. Results
3.1. Qualitative Analysis of Cell Morphology and Proliferation Alterations in DHM QPI Images
after Incubation with Nanoparticles

In an initial step, representative DHM QPI images of cell populations were qualita-
tively evaluated for cell proliferation and changes in cell morphology. Figures 2 and 3
present false color-coded DHM QPI images with typical proliferation patterns of RAW
264.7 macrophages, NIH-3T3 fibroblasts, as well as NRK-52E kidney and RLE-6TN lung
epithelial cells in cell culture medium control, digitonin, and after incubation with nanopar-
ticles at t = 0 h and t = 24 h. For a better visualization, corresponding sets of captured
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bright-field images for the same FOVs (Figures S2 and S3) and gray level coded versions of
Figures 2 and 3 (Figures S4 and S5) are provided in the supplementary material. Supple-
mentary Figure S1 shows gray level coded QPI images of the data in Figures 2 and 3 that
are normalized to the phase range of the entire image data set for illustration of the relative
thickness differences between the four cell types, respectively. Color-framed enlarged
image sections in Figures 2 and 3 indicate representative effects observed in QPI images.

RAW 264.7 macrophages proliferated in clusters in the cell culture medium control
(orange box in Figure 2a), while digitonin reduced proliferation and cell debris are visible
(green box in Figure 2a). For LipImage™ 815 lipidots® nanoparticles, neither alterations
of morphology nor proliferation were apparent compared with the cell culture medium
control. Empty PACA nanoparticles severely impacted RAW 264.7 cells. Almost all cells
were damaged, and cell debris were visible in DHM QPI images (blue box in Figure 2a). In
contrast, macrophages were not lysed by the applied cabazitaxel-loaded PACA nanoparticle
concentrations but inhibited in proliferation, and single cells showed an increased phase
contrast (Figure 2a).

NIH-3T3 fibroblasts grew to confluent monolayers in cell culture medium control
(orange box in Figure 2b) while digitonin reduced proliferation. For LipImage™ 815
lipidots® nanoparticles, no effect compared with the cell culture medium control was
observed. Instead, in DHM QPI images of empty PACA nanoparticles, cell detachment
was detected (blue box in Figure 2b). Cabazitaxel-loaded PACA nanoparticles reduced
proliferation and number of NIH-3T3 cells within the 24-h observation period, and at
t = 24 h deformed cells were visible (purple box in Figure 2b).

NRK-52E and RLE-6TN epithelial cells grew towards confluency within the 24-h time
frame (orange boxes in Figure 3), while digitonin for both cell types reduced prolifera-
tion. Both NRK-52E and RLE-6TN cells, detached upon incubation with empty PACA
nanoparticles (blue boxes in Figure 3). Like RAW 264.7 and NIH-3T3, for LipImage™ 815
lipidots® nanoparticles for both epithelial cell types, no effects compared with the cell
culture medium control were observed. Empty PACA nanoparticles reduced proliferation
and cell number of NRK-52E and RLE-6TN cells and induced cell detachment (blue boxes
in Figure 3). Cabazitaxel-loaded PACA nanoparticles reduced proliferation similar to their
empty variant but caused cell deformation for both epithelial cell types after 24 h (purple
boxes in Figure 3).

The observations in QPI-images in Figures 2 and 3 were also evident in the correl-
ative captured bright-field images (Figures S2 and S3 of Supplementary Materials). In
summary, DHM QPI images allowed an initial qualitative analysis for alterations in cell
morphology and proliferation to yield the first insights into nanoparticle cytotoxicity and
cellular responses.
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indicate cell debris of lysed RAW 264.7 macrophages. Cells incubated with 128 µg/mL of 
LipImage™ 815 lipidots® nanoparticles proliferated and grew to a similar extent as observed in the 
cell culture medium control. For cells incubated with 32 µg/mL of empty PACA nanoparticles, cell 
proliferation was inhibited. Detached cells are shown in the blue framed enlarged image areas. In-
cubation with 16 µg/mL of cabazitaxel-loaded PACA nanoparticles caused cell deformation, indi-
cated in the enlarged purple framed area, and similar to PACA nanoparticles, proliferation was 
inhibited. 

Figure 2. Representative false color-coded DHM QPI images of RAW 264.7 macrophages (a) and
NIH-3T3 fibroblasts (b) incubated with controls and nanoparticles at time points t = 0 h and t = 24 h.
For both cell lines, cell culture medium control and cytotoxicity control digitonin is shown. In
digitonin controls, cell proliferation was inhibited from time point t = 0 h to t = 24 h. Orange boxes
show enlarged areas with viable cells in cell culture medium control. Enlarged areas in green boxes
indicate cell debris of lysed RAW 264.7 macrophages. Cells incubated with 128 µg/mL of LipImage™
815 lipidots® nanoparticles proliferated and grew to a similar extent as observed in the cell culture
medium control. For cells incubated with 32 µg/mL of empty PACA nanoparticles, cell proliferation
was inhibited. Detached cells are shown in the blue framed enlarged image areas. Incubation
with 16 µg/mL of cabazitaxel-loaded PACA nanoparticles caused cell deformation, indicated in the
enlarged purple framed area, and similar to PACA nanoparticles, proliferation was inhibited.
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Figure 3. Representative false color-coded DHM QPI images of NRK-52E cells (a) and RLE-6TN cells
(b) incubated with controls and nanoparticles at time points t = 0 h and t = 24 h. For both cell lines,
cell culture medium control and cytotoxicity control digitonin is shown. In digitonin controls, cell
proliferation was inhibited during the 24 h observation period—enlarged areas framed in orange
show viable cells in cell culture medium control. Cells incubated with 128 µg/mL of LipImage™
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815 lipidots® nanoparticles proliferated and grew to a similar extent as observed in the cell culture
medium control. Incubation with 32 µg/mL of empty PACA nanoparticles caused inhibited cell
proliferation, and detached cells are shown in blue framed enlarged image areas. Incubation with
16 µg/mL of cabazitaxel-loaded PACA nanoparticles caused the deformation of cells as indicated in
the purple framed enlarged image area, and proliferation was inhibited.

3.2. Time-Resolved Dry Mass Dynamics of Nanoparticle Incubated Cell Populations

To gain insights into the temporal response of cell proliferation after incubation with
nanoparticles, the dry mass development of cell populations in the FOV was quantified
in comparison to the cell culture medium and digitonin cytotoxicity controls. Cell cul-
ture medium and digitonin controls were either repeated individually for each tested
nanoparticle (RAW 264.7) or included within a measurement consisting of all three tested
nanoparticles in a single DHM experiment (NIH-3T3, NRK-52E, RLE-6TN). Figure 4 shows
plots of the dry mass dynamics for all investigated cell lines after incubation with the differ-
ent nanomaterials. Each data point represents the cell mean dry mass amount determined
from measurements in n = 12 individually continuously observed FOVs that were acquired
at different sample areas during three independent experiments (N = 3). To illustrate
typical variations of the dry mass data during the experimental period, representative
standard deviations for empty PACA incubated RAW 264.7 macrophages were plotted
(Figure 4(b1)), while for clarity of presentation in all other plots, the standard deviation
is omitted. Supplementary Figure S6 represents a version of Figure 4 with all values and
standard deviations included. In Supplementary Figure S7, a comparative plot of the
temporal dry mass development for the cell culture medium control is shown. The plots in
Supplementary Figure S7 illustrate that similar values and standard deviations for the dry
mass data of all four tested cell lines in N = 3 independent experiments were achieved.

For all cell lines in the cell culture medium, a continuous dry mass increase was
observed over the observation period of 24 h. While RAW 264.7 displayed a distinct
exponential dry mass increase (Figure 4(a1–c1)), the proliferation of the other three cell lines
was linear (NIH-3T3: Figure 4(a2–c2), NRK-52E: Figure 4(a3–c3), RLE-6TN: Figure 4(a4–c4)).
Cytotoxic effects of the nanoparticles on RAW 264.7 macrophages were evident from the
cell dry mass dynamics for all plots in Figure 4. The dry mass graph of RAW 264.7
macrophages for 2 µg/mL of cabazitaxel-loaded PACA nanoparticles increased during
the first 10 experimental hours but decreased to digitonin control levels again until 24 h
(Figure 4(c1)). In addition, changes in dry mass dynamics for NIH-3T3, NRK-52E, and
RLE-6TN were not as clearly observable as for RAW 264.7 due to a lower signal-to-noise
ratio and higher standard deviations of the measurement data (Supplementary Figure S6)
and cell migration.

In summary, cell population dry mass dynamics could be extracted from the time-
resolved QPI image stacks generated by the DHM assay for nanoparticle cytotoxicity
quantification. Dry mass dynamics indicate evident responses in RAW 264.7 macrophages,
while impacts on the other three cell lines were less obvious from the graphs of Figure 4.
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Figure 4. Temporal dry mass development of cell populations in the FOV retrieved from DHM
time-lapse measurements for medium control, digitonin cytotoxicity control, and the test set of
nanoparticles for RAW 264.7, NIH-3T3, NRK-52E, and RLE-6TN cells. Each data point represents the
average dry mass value of n = 12 FOVs that were acquired in N = 3 independent experiments (n = 4
FOVs per independent experiment). Column (a1–a4): Cell lines after incubation with medium and
digitonin cytotoxicity controls, 32 µg/mL and 128 µg/mL of LipImage™ 815 lipidots® nanoparticles.
Column (b1–b4): Cell lines after incubation with controls and 2 µg/mL and 32 µg/mL of empty
PACA nanoparticles. Column (c1–c4): Cell lines after incubation with controls and 2 µg/mL and
16 µg/mL of cabazitaxel-loaded PACA nanoparticles. To illustrate the variation during the exper-
imental period, in b1, representative standard deviations are plotted for empty PACA incubated
RAW 264.7 macrophages. For clarity, the standard deviation is not shown for the other dry mass
developments. Figure S6 in the supplement shows all plots with standard deviations included.
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3.3. Dry Mass Increment as Endpoint for Cell Proliferation and Nanoparticles Cytotoxicity

To investigate if QPI with DHM is capable of generating endpoint data for quantifica-
tion of proliferation and of identifying statistically significant nanoparticle effects, from
the data in Figure 4, the cell dry mass increments after 24 h with respect to t = 0 h were
calculated. Therefore, the dry mass of the cell population in the individual FOVs at t = 0 h
was subtracted from the values measured at t = 24 h, as described in the method section.
Figure 5 shows the resulting scatterplots of the cell population dry mass for treatments
with medium control, digitonin cytotoxicity control, and nanoparticles. The numbered
rows (1–4) of Figure 5 indicate the results for the four different cell lines included in the
study, while the columns (a–c) show the corresponding data obtained from each cells line
after incubation with the three different nanoparticles.

The dry mass increment of RAW 264.7 macrophages (Figure 5(a1–c1)) was measured in
the range from 23.0 ng and 25.5 ng per FOV under cell culture medium control conditions in
all nanoparticle experiments performed. Dry mass of NIH-3T3 (Figure 5(a2–c2)), NRK-52E
(Figure 5(a3–c3)), and RLE-6TN (Figure 5(a4–c4)) cells increased between 2.9 ng and 6.8 ng
in the observed time frame in each experiment performed with the nanoparticles. The cyto-
toxicity control digitonin inhibited dry mass increment in all four cell lines between −2.0 ng
and 3.1 ng in the 24-hour period in all experiments performed with the nanoparticles (all
plots in Figure 5). This was observed in all individual digitonin incubation experiments
and significant in all cell lines (all p < 0.005; except RLE-6TN p < 0.01).

We did not detect any effect on cell dry mass in the DHM assay for the LipImage™
815 lipidots® on the four cell lines in two applied concentrations 32 µg/mL and 128 µg/mL
as shown in Figure 5(a1–a4). Dry mass increments quantified in the DHM assay after 24 h
did not differ from the medium control (Figure 5(a1–a4)).

Empty PACA nanoparticles affected the 24-h dry mass increment of the four cell lines
to a different extent; RAW 264.7 macrophages were affected by 2 µg/mL and dry mass
only increased by 14.0 ± 4.5 ng in the observed time frame (p < 0.005), while 32 µg/mL
caused a negative dry mass increment of −7.9 ± 2.9 ng due to cell lysis (Figure 5(b1)).
NIH-3T3 fibroblasts were significantly affected by 32 µg/mL of empty PACA nanoparticles
(p < 0.005), and a mean negative dry mass increment of −5.1 ± 7.5 ng was observed, as
shown in Figure 5(b2). RLE-6TN lung epithelial cells and NRK-52E kidney epithelial cells
did not respond to the incubation of 2 µg/mL and 32 µg/mL of empty PACA nanoparticles,
dry mass development over the 24-hour period was not reduced, and dry mass increments
after 24 h did not significantly differ from the medium control cell populations as shown in
Figure 5(b3,b4).

For the cabazitaxel-loaded PACA nanoparticles, we observed cytotoxic effects on
RAW 264.7 macrophages and NIH-3T3 fibroblasts. RAW 264.7 macrophages showed
reduction in dry mass increments to 0.9 ± 4.7 ng (p < 0.005) and 6.3 ± 7.1 ng (p < 0.005) for
2 and 16 µg/mL of cabazitaxel-loaded PACA nanoparticles quantified by DHM over 24 h
(Figure 5(c1)). The fibroblast cell line NIH-3T3 was significantly affected by 16 µg/mL of
cabazitaxel-loaded PACA nanoparticles with a reduction in 24-h dry mass increment to
2.6 ± 1.4 ng (p < 0.01) per cell population in one FOV (Figure 5(c2)).

We summarize that the calculations of 24-h dry mass increments retrieved from
DHM QPI images allowed an endpoint quantification of proliferation and nanoparticle
cytotoxicity. Moreover, we could observe not only different proliferation rates in the cell
culture medium control for the cell types but also extract absolute biophysical proliferation
data at ng dry mass scale. In addition to the time-resolved dry mass dynamics of Figure 4,
the calculation of 24-h dry mass increments allowed the identification of significant cell
responses to nanoparticle exposure.
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Figure 5. Increment of the cell population dry mass (DM) in the FOV after 24 h of incubation with cell
culture medium, digitonin, and nanoparticles. Data points represent the dry mass increment of the cell
populations within a single FOV. Data were acquired from different sample areas in 12 FOVs during
N = 3 independent experiments. LipImage™ 815 lipidots® nanoparticles, (a1–a4), empty PACA
nanoparticles (b1–b4), and cabazitaxel-loaded PACA nanoparticles (c1–c4) were tested on RAW 264.7,
NIH-3T3, NRK-52E, and RLE-6TN cells. Each experiment included a set of corresponding controls:
cell viability medium control and cytotoxicity control digitonin. Significance levels: p < 0.005(***),
p < 0.01(**), p < 0.05(*).

3.4. WST-8 Cell Viability Assay

In parallel to the investigations with DHM, a colorimetric WST-8 cell viability assay
was performed as described in the methods section. Different from the DHM assay, in
which n = 12 FOVs were observed during N = 3 independent experiments, the WST-8 assay
was performed in n = 24 wells within N = 3 independent technical repeats. Moreover, in
contrast to the DHM assay, with respect to comparability with their empty counterpart, the
concentration of cabazitaxel-loaded PACA nanoparticles was increased to 32 µg/mL. The
concentration of 32 µg/mL of cabazitaxel-loaded PACA nanoparticles was not applicable
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for DHM measurements as it immediately caused lysis of most cells for all cell types,
preventing QPI time-lapse observations. All other WST-8 assay parameters, including incu-
bation times, cell densities and handling, nanoparticle batches, and concentrations, were
adjusted equally to the DHM assay. Cell viability data for digitonin and the nanoparticles
were normalized to the cell culture viability medium control and are presented as percent
of the medium control in Figure 6. The columns a–c of Figure 6 summarize the results of
the WST-8 assay for the three nanoparticles achieved with respect to the different cell lines
in corresponding rows 1–4.

Similar to the dry mass developments and increments presented above, in Figures 4 and 5
the metabolic rate quantified in the WST-8 assay was reduced up to 80% by the cytotoxicity
control digitonin in all nanoparticle exposure experiments for all cell lines (RAW 264.7:
Figure 6(a1–c1), NRK-52E: Figure 6(a3–c3), and RLE-6TN: Figure 6(a4–c4)), while for
NIH-3T3 (Figure 6(a2–c2)) the lowest response was observed.

As quantified in the DHM assay, the WST-8 assay showed no significant reduction in
cell viability for the LipImage™ 815 lipidots® nanoparticles, except for NIH-3T3 fibroblasts
at 128 µg/mL (Figure 6(a2)) and NRK-52E kidney epithelial cells (Figure 6(a3)). The
data suggest a similar response of the cell line proliferation as quantified by DHM, and
in the metabolic rate detected by WST-8 assay when incubated with LipImage™ 815
lipidots® nanoparticles. Albeit, small effects on the metabolic rate were observed in NIH-
3T3 and NRK-52E at 128 µg/mL, for which the DHM assay did not show a reduction in
cell proliferation.

For the empty PACA nanoparticles, the colorimetric WST-8 assay showed high effects
for the RAW 264.7 macrophages at a concentration of 32 µg/mL, while 2 µg/mL had no
effect on cell viability (Figure 6(b1)). WST-8 and DHM assay findings align well for this
particle type. While no significant changes in dry mass development for two epithelial cell
lines NRK-52E and RLE-6TN were present, the WST-8 assay detected significantly reduced
metabolic activity for 32 µg/mL (Figure 6(b3,b4)). NIH-3T3 fibroblasts showed a significant
effect (p < 0.05) at both applied concentrations in the WST-8 assay (Figure 6(b2)).

A reduction in metabolic rate for the cabazitaxel-loaded PACA nanoparticles quan-
tified in the WST-8 assay was detected beginning from a concentration of 2 µg/mL and
decreased to 0% at 32 µg/mL in all four cell lines (Figure 6(c1–c4)). The reduction in cell vi-
ability percentages was higher in the cabazitaxel-loaded variant of the PACA nanoparticles
compared to the empty variant, and both applied concentrations caused significant effects
in the four cell lines (Figure 6(c1–c4)).

In summary, most effects of nanoparticles on cell viability measured with WST-8 assay
corresponded well with the results in Figures 2–5 for the developed DHM assay. Differences
were observed for the two epithelial cell lines (RLE-6TN, NRK-52E), which responded
more sensitively in the WST-8 assay to PACA nanomaterials, and for the LipImage™ 815
lipidots® nanoparticles where a slight effect on WST-8 assay was detected for NIH-3T3 and
NRK-52E.
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Figure 6. Cell viability of the four cell lines incubated with nanoparticles and controls measured by
the colorimetric WST-8 assay. Cell culture and cell seeding procedures were performed in analogy to
DHM QPI experiments, except for cabazitaxel-loaded PACA nanoparticles, where the concentration
was increased to 32 µg/mL with respect to comparability to their empty counterpart (for further
details, see text). Photometric readout of assay plates was performed 24 h after incubation of cells
with controls and nanomaterials. Medium control served as a reference point for cell viability and was
set to 100%. LipImage™ 815 lipidots® (a1–a4), empty PACA nanoparticles (b1–b4), and cabazitaxel-
loaded PACA nanoparticles (c1–c4) were tested on the four selected cell lines. Plotted are mean values
and standard deviations of 24 technical repeats (n = 24) from three independent experiments (N = 3).
An ANOVA was performed for the statistical analysis of the WST-8 assay results, and significance
levels were given as p < 0.005(***), p < 0.01(**), and p < 0.05(*).
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4. Discussion

In our study, a DHM-based assay for cytotoxicity quantification was evaluated using a
set of three organic nanoparticles and four cell lines. The objective was to investigate the ca-
pabilities of this QPI method to extend the available nanomaterial in vitro toxicity assays. A
standardized colorimetric WST-8 cell viability assay was performed in parallel to gain a bet-
ter understanding of the advantages and limitations of the label-free DHM assay. Figure 1
illustrates the experimental workflow of the two methods. A custom build DHM system
with a motorized stage and stage-top incubation unit, as described before, was adapted
for nanoparticle testing [23]. From the holograms recorded in the DHM-based assay, QPI
images were reconstructed [44] and evaluated qualitatively for effects of the nanoparticles
on cell morphology and proliferation, as shown in Figures 2 and 3. Subsequently, cell dry
mass dynamics over 24 h and dry mass increments per FOV were calculated as a measure
for proliferation and cytotoxicity effects as described in the methods section.

LipImage™ 815 lipidots® are lipid nanocarriers developed for in vivo fluorescence
bioimaging and are described in the literature as non-cytotoxic [37]. We confirmed the non-
toxic nature of LipImage™ 815 lipidots® nanoparticles by imaging all four tested cell lines
in the quantitative and label-free optical DHM assay and colorimetric WST-8 viability assay.
The QPI images in Figures 2 and 3 showed no evident alterations in cellular morphology
and proliferation. Moreover, no effects were quantified in the cell population dry mass
dynamics or increments (Figure 4(a1–a4) and Figure 5(a1–a4)). The colorimetric WST-8 cell
viability assay also detected no effect of LipImage™ 815 lipidots® on cell viability, but at
the concentration of 128 µg/mL, a slight significant reduction in cell viability to 80% and
83% (both p < 0.05) were measured for NIH-3T3 fibroblasts and NRK-52E kidney epithelial
cells, respectively (Figure 6(a2,a3)). These findings are in accordance with published WST-1
assay data for NIH-3T3 fibroblasts [37]. For the non-toxic LipImage™ 815 lipidots® the
measured endpoint of the two assays was evaluated as equal.

PACA nanoparticles are frequently used in pharmaceutical technology as nanocarriers
for contrast agents and cytostatic drugs with the benefit of increasing active pharmaceutical
ingredient concentrations at the site of interest, e.g., solid tumor tissue [39,40]. In contrast
to the LipImage™ 815 lipidots®, the empty PACA nanoparticles showed a more differential
pattern in DHM and WST-8 assays: cell dry mass increments of the epithelial cells NRK-52E
and RLE-6TN were not affected (Figure 5(b3,b4)), while a reduced metabolic rate in the two
cell lines was detected in the WST-8 assay at both applied particle concentrations of 2 µg/mL
and 32 µg/mL (Figure 6(b3,b4)). QPI images of NRK-52E and RLE-6TN showed slight
alterations in morphology (Figure 3a,b). For this combination of nanoparticles and cells, the
colorimetric WST-8 assay showed higher sensitivity. DHM detects protein content, whereas
the WST-8 assay is based on cell activity, which may be affected at a lower concentration
than the DHM parameters. Further determining factors for the lower sensitivity of DHM
assay may be a flat cell morphology, slower proliferation rates, and lower signal-to-noise
ratios in the epithelial cell lines (Figure S1(a3,a4)). From these findings, we can conclude
that careful selection of cell types is important not only due to physiology but also to
achieve an adequate QPI image quality. Data obtained for RAW 264.7 macrophages in both
DHM and WST-8 assays aligned well: concentrations that reduced the metabolic rate also
significantly impacted the dry mass increment (Figure 5(b1,c1) and Figure 6(b1,c1)). The
dry mass development of NIH-3T3 fibroblasts was reduced by higher concentrations of
empty PACA nanoparticles; likewise, the WST-8 assay detected a significant effect on cell
viability. The effects of empty PACA nanoparticles observed in our study are in line with
published IC50 values for these nanocarriers in various cell lines ranging from 18 µg/mL
(OVCAR-3 cells) to over 300 µg/mL (DU-145 cells) [40].

The cabazitaxel-loaded PACA nanoparticles showed a different cytotoxicity profile
compared to their empty counterpart, which was evident from the data generated in
the DHM assay. NIH-3T3 fibroblasts dry mass increment was significantly affected by
16 µg/mL of cabazitaxel-loaded PACA nanoparticles at 1.8 ± 3.6 ng (p < 0.01), while
2 µg/mL of cabazitaxel-loaded nanoparticles had no significant effect at 2.9 ± 7.3 ng
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(p > 0.05) (Figure 5(c2)). The elongated morphology of the fibroblasts was altered by the
microtubule-function inhibitor cabazitaxel, visible in the quantitative phase images (Figure 2b).
NRK-52E and RLE-6TN cell’s metabolic rate was least affected by the cabazitaxel-loaded
PACA nanoparticles (Figure 6(c3,c4)), and dry mass increment after 24 h was also not altered
compared to the medium control (Figure 5(c3,c4)). As demonstrated in Figure 4(b1,c2), the
kinetics of the induced toxicity in RAW 264.7 macrophages could be observed in the QPI
DHM assay, while the readout of the WST-8 assay only yields information for the endpoint
of the incubation time after 24 h. For the PACA nanoparticles, it was demonstrated before
that the degradation product of these polymeric nanoparticles causes cell damage. A study
demonstrated that PACA nanoparticles with fast degradation rates caused more acute
cytotoxicity [40]. Effects on cells that occur after a certain incubation time may be linked to
the release of cytostatic drugs from the nanocarriers. In addition to the absolute biophysical
data of cellular proliferation, the quantitative phase images produced by DHM allowed the
time-resolved morphological evaluation of cells.

As proposed by earlier research [14,29,30,52], the data from our study suggests that
DHM as a label-free quantitative imaging tool is not only suitable for in vitro cytotoxicity
studies but with the promising capability to be applied in the field of medical nanotechnol-
ogy. In Figure 4, we quantified the time-resolved dry mass development of cell populations,
which is an advantage of the minimally invasive and non-phototoxic DHM method. Dry
mass increments over 24 h were calculated and shown in Figure 5. They serve as a mea-
sure for proliferation and induced cytotoxicity over the 24-h time frame. The impact of
baseline phase shift artifacts, as can be induced by the stage-top incubation chamber, are
also reduced by these increment calculations. DHM has already proven applicability for
engineered nanomaterials, and this study increases the spectrum of applications to organic
nanoparticles. The recent developments in QPI have brought the method from a technology
research state towards an application-focused stage, which may add value also to other
fields like medical nanotechnology. Detection of early cell death, red blood cell aging,
and drug discovery research has been performed with available QPI systems [53,54]. In
these studies, it was highlighted that the non-invasiveness of DHM and the possibility to
reuse biological specimens after DHM imaging is a major benefit of the label-free method.
The results from this study on nanoparticle cellular effects quantified by QPI with DHM
are in line with these earlier findings. In addition to the quantification of the dry mass
developments of entire cell populations within the microscopic FOV as a marker for pro-
liferation, a further significant benefit would be the extraction of single-cell related data
from QPI images, such as cell number as well as shape, morphology and motility parame-
ters [55,56]. However, in our study, the limited signal-to-noise ratio achieved from the very
thin growing epithelial cell lines NRK-52E and RLE-6TN (see Figure 3 and Supplementary
Figures S1, S6 and S7) prevented an adequate image segmentation with standard image
processing such as thresholding to extract accurate single cell-related parameters in an
automated manner. Moreover, investigated RAW 264.7 macrophages (Figure 2a), although
causing high contrast in DHM QPI images, grew with tight cell-cell contacts in clusters,
which hindered a reliable threshold-based image evaluation for single-cell data. Here,
sophisticated algorithms that, e.g., rely on convolutional neural networks (CNNs) [57]
prospect improved biophysical parameter extraction, suitable for subsequent advanced
analysis with machine learning approaches [58,59]. This can be used for the detection of
subpopulations or phenotypes.

The absence of chemical marker agents that may interfere with nanoparticles makes
DHM suitable for more robust applications in medical nanotechnology. The reliability
and robustness of DHM assay are demonstrated by the high reproducibility of the data
from the temporal dry mass courses of N = 3 independent experiments for RAW 264.7
macrophages in medium and digitonin controls (Figure 4(a1–c1)). These observations
are in agreement with Supplementary Figure S7 for the cell culture medium controls
where similar values and standard deviations for the dry mass development of the four
diverse cell lines with different morphological properties (Figures 2 and 3) were achieved.
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However, slightly higher temporal fluctuations of the standard deviations for NIH-3T3,
NRK-52E, and RLE-6TN cells with respect to RAW 264.7 may be caused by higher motilities
of these cell types compared with the macrophages and the lower signal-to-noise ratio
(Figure S6). These effects may also explain the higher temporal fluctuation of the average
dry mass values for those cell lines in Figure 4. The DHM setup used for this study has
favorable technical features that make it available for standard biomedical laboratories.
QPI with DHM is based on the detection of optical path length changes in transmission
which only requires low light intensities for object illumination and thus minimizes the
interaction with the sample. This concept enables minimally invasive long-term, time-lapse
holographic imaging for quantitative monitoring of dynamic changes of cell morphology,
motility, and proliferation by absolute biophysical parameters, such as the cellular dry
mass, without the need for previously defined endpoints. Hologram acquisition times in
millisecond range with repetition rates up to video frequency in combination with software
for automated data acquisition and data retrieval from entire cell populations in the FOV
make the interferometry-based technology robust, automatable, and applicable to the
biomedical laboratory environment. The measurement of a 96-well plate can be achieved
with the current experimental DHM configuration in less than 30 min and further shortened
by technical optimization. The efforts for data extraction and evaluation depend on the
chosen parameters. In our study, sample preparation for DHM analysis was less laborious
compared with the correlative applied WST-8 assay, as no staining steps were required.
Moreover, due to the label-free imaging DHM concept, the analyzed cell cultures remain in
a native state, which makes the samples available for further downstream analysis. The use
of DHM for in vitro toxicity assays is comparable to the setup and use of ELISA readers for
WST-8 test readout and requires no special expertise in optical technology. The analysis
of the resulting data can be standardized and successfully performed by any staff with
experience in biomedical assay analysis. The time-resolved measurements were performed
in a simple stage-top incubator without an anti-vibration isolated optical table. The stage-
top incubator allows easy to operate sample handling even during measurements in
contrast to other DHM systems, which are placed entirely in a cell culture incubator [25]. As
described in the Results section, DHM concepts as used in this study may have limitations
in detecting cytotoxicity for cells with thin morphology and very slow proliferation rates.
This highlights the necessity to carefully select the cellular model used for QPI cytotoxicity
studies. For PACA nanoparticles, cell type-dependent cytotoxicity was demonstrated
before [40]. Here, we confirmed cell-type dependent effects of organic nanoparticles that
are in development for medical use, as well as the importance of the cellular model for
the DHM assay. Overall, the DHM assay developed for nanoparticle testing demonstrated
to be a valuable extension to the available methods for cytotoxicity testing due to the
circumvention interferences with assay chemicals, additional biophysical readout, increased
automation, and less laboratory work.

5. Conclusions and Future Prospects

In summary, the DHM-based in vitro assay for cytotoxicity assessment of organic
nanoparticles in development for medical use is a functional label-free tool for the quan-
tification of cellular proliferation and nanoparticle effects on cell viability. LipImage™
815 lipidots® for biomedical imaging were confirmed to be non-toxic by the DHM assay
in the applied concentrations, while both empty and cabazitaxel-loaded PACA nanopar-
ticles significantly affected cell dry mass development overtime in two of the four cell
lines. The parallel performed colorimetric WST-8 cell viability assay supports the results
of the quantitative phase microscopy study with the set of organic nanoparticles. DHM
demonstrates its potency as a method for preclinical high-throughput assessment of novel
agents in nanomedicine by fast and easy-to-use label-free optical quantification of cell
proliferation in standard 96-well plates. Furthermore, both assays, DHM and WST-8, could
potentially be performed from the same well plates, where WST-8 assay is conducted after
the DHM QPI readout. The possibility to combine DHM with other analytical methods
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is highly valuable to achieve increased data quality in in vitro cytotoxicity experiments.
Supernatant and cells of DHM experiments may also be used for downstream biochemical
analysis. The added benefit of the DHM QPI assay presented here is the extraction of
biophysical parameters in a time-resolved manner in addition to colorimetric endpoint
determinations of widely used biochemical assays. In addition to the dry mass calculations
on a cell population demonstrated here, the image stacks could be analyzed down to the
single-cell level by improved image analysis software. This would further increase the
resolution of the generated cytotoxicity data. With the possibilities to incorporate DHM
into commercially available microscopes and integration of the method into existing work-
flows for nanomaterial testing, the presented DHM QPI assay is a highly useful tool for
cytotoxicity assessment of nanoparticles and potentially their preclinical development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells11040644/s1, Figure S1: Representative DHM QPI images of the four cell lines; Figure S2:
Representative bright-field images of RAW 264.7 macrophages and NIH-3T3 fibroblasts; Figure S3:
Representative bright-field images of NRK-52E cells and RLE-6TN cells; Figure S4: Representative
DHM QPI images in gray level representation of RAW 264.7 macrophages and NIH-3T3 fibroblasts;
Figure S5: Representative DHM QPI images in gray level representation of NRK-52E cells and RLE-
6TN cells; Figure S6: Temporal dry mass development of cell populations with standard deviations;
Figure S7: Temporal dry mass development of cell populations with standard deviation for cell
culture medium control for RAW 264.7, NIH 3T3, NRK 52E, and RLE 6TN cells.
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