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pinocytosis, picoinjection, and gene gun 
bombardment.[13] Different coatings have 
been applied to achieve diamond uptake, 
such as recombinant polypeptide,[14] 
silica,[15,16] polymers, and nucleic acids.[17] 
However, the above-mentioned methods 
require complex synthesis and are either 
rather harsh to the cells or might disturb 
their natural behavior.

It has also been demonstrated that 
diamonds can be incorporated in lipid 
membranes,[18] which changes their crys-
tallization properties. In combination 
with FND, several different lipid coat-

ings have been investigated too. Hsieh et al. used a somewhat 
more complex protocol that allows elegant functionaliza-
tion.[19] Vavra et al. also used a somewhat more complex 
approach based on silica-coated nanodiamonds which allows 
the introduction of spin labels into the coating.[20] Sotoma 
et al. used a different lipid composition which is based on a 
crosslinked diacetylene-containing coating.[21] This approach 
is different since the crosslinked coating likely is more stable 
and remains on the diamond and it is unlikely that it sup-
ports membrane fusion. Hui et al. used yet another compo-
sition of lipids which leads to particles with rather different 
properties.[22] Their particles become very hydrophobic and 
are soluble in organic solvents.

Here, we use a simple alternative lipid coating for cell uptake 
of FNDs for the first time. The advantage of such a coating is 
the simple coating process, and the possibility to tune the lipid 
composition.[23–25] Most interestingly, liposomes might be able 
to fuse with the cell membrane and thus offer a way to circum-
vent the natural endocytosis or speed up uptake. The same pro-
cess has already been demonstrated for other nanoparticles that 
were encapsulated with lipids.[26,27] This is advantageous for all 
applications where the desired location is not the endosome. 
Since endosomes usually fuse with lysosomes, the particle is 
subjected to a harsh environment. From what we know so far, 
this likely does not affect the diamond particle itself. Further-
more, a large body of knowledge is available from the gene 
transfection or drug delivery fields on how to achieve targeting 
with lipid coatings. This knowledge can in a similar way also be 
applied to FNDs. Such a coating is also relatively biocompatible 
and biodegradable.[28]

We have demonstrated the uptake of FNDs with lipid coating 
into cells and we have characterized the lipid coating used in this 
study (see Figure 1). We have also investigated the lipid-coated 
FNDs (FND-lip) behavior inside HT-29 cells, a colon adenocar-
cinoma cell line, and Saccharomyces cerevisiae that has a thick 
cell wall. Neither of these cells spontaneously ingest diamond 

Fluorescent nanodiamonds (FNDs) can be used as nanoscale magnetic 
resonance sensors and stable optical labels. As a first step for using FNDs as 
nanosensors inside cells, they have to be ingested. Several techniques that 
improve particle uptake have been used. A simple approach based on com-
mercially available liposomes is used to improve uptake. Uptake into colon 
cancer cells (HT-29 cells) is demonstrated. Additionally, it is shown for the 
first time that one can facilitate diamond uptake into yeast cells by removing 
the cell wall and creating a so-called spheroplast. Finally, the characteristics 
of FNDs coated with lipids and their behavior inside the cells are evaluated.

Nanodiamond Uptake

1. Introduction

Fluorescent nanodiamonds (FNDs) are a promising material 
for various biomedical applications including drug delivery, 
therapeutics, and imaging.[1,2] FNDs have superior physical 
and chemical properties including hardness and Young’s 
modulus, high thermal conductivity and electrical resistivity, 
chemical stability and resistance to harsh environments, and 
good biocompatibility.[1,3] Nitrogen vacancy (NV) centers in 
FNDs, atomic-sized defects with stable fluorescence, possess 
outstanding optical and magnetic properties.[4–6] The fluores-
cence is perfectly stable, which qualifies FNDs as interesting 
biolabels. Additionally, when irradiated with microwaves, the 
NV fluorescence changes based on its magnetic surrounding. 
As a result, it can be used as a magnetic resonance sensor that 
can be read out optically. To utilize these sensors in cells, they 
first have to enter the cell. Although some cells spontaneously 
ingest FNDs,[7–12] most cells do not ingest FNDs by themselves.

Introducing FNDs to the intracellular environment has been 
investigated by a variety of methods in a range of cell types. 
Methods that can be used include surface functionalization, 
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particles. Finally, we showed the suitability of lipid-coated FNDs 
for optical labeling and quantum sensing applications.

2. Results and Discussions

2.1. Characterization of Lipid-Coated FNDs

Characteristics of FND-lip have been investigated using 
dynamic light scattering (DLS), cryo TEM (transmission elec-
tron microscopy), and optically detected magnetic resonance 
(ODMR). The DLS results (Figure 2) show an increase in par-
ticle size of the FND-lip compared to FNDs but the difference 
is not significant (P > 0.05).

Both FND-lip and FNDs are colloidally stable in water (PdI < 1).  
Zeta potential measurement showed that the 70 nm FNDs were 
electronegative (−15.73 ± 0.89 mV). After adding liposome, the 
particles became electropositive (35.67 ± 2.64 mV). We used 
cryo TEM to confirm our results because DLS is not ideal for 
aggregates due to sedimentation and because diamond parti-
cles are nonspherical. Figure 3 shows the results of these meas-
urements. We compare FNDs (a) with FND-lip (b).

In the inset of Figure 3b, lipids are visible both free and as 
a coating. The liposomes form a tight layer around the dia-
mond particles. The thickness of the lipid layer on diamond  

particles was 4.8 ± 1.2 nm. Performing optically detected 
magnetic resonance measurements on FNDs and FND-lip 
(Figure 5d) did not reveal any significant differences.

2.2. Cell Uptake Behavior

We used two different cell types to investigate cell uptake 
behavior, FND-lip and FNDs.

To investigate the uptake into cells, we performed confocal 
imaging after uptake.

Confocal images of HT-29 cells are shown in Figure 4. 
The insets are included to give the reader a better view of 
the particle size and confirm that some of the particles are 
indeed within the cells. The images in Figure 4 are part of a 
z-stack. While large amounts of diamonds are present when 
using FND-liposome (Figure 4a–c), considerably less uptake 
is observed with FND only (Figure 4e,f). To identify diamond 
particles and to show that it is still possible to do quantum 
measurements inside the cells, we performed ODMR measure-
ments (see Figure 4d). The particles could indeed be identified 
as diamonds and coating did not alter the characteristic ODMR 
peaks from NV centers.

As a next step, we quantified the uptake into different cell 
types. Here, it is interesting to differentiate between objects and 
particles. All adjacent bright pixels are attributed to an object, 
which means that an object can be either a single particle or an 
aggregate. The number of particles is calculated by dividing the 
total number of bright pixels in the red channel by the number 
of bright pixels for single particles.

Figure 5 shows that cells with FND-lip contain higher num-
bers of particles but less objects than FNDs. It indicates that 
FNDs-lip has a tendency to create aggregates.

Compared to previous experiments by Hemelaar et al.,[8] the 
number of FND-lip and FNDs that can be internalized by yeast 
cells is lower than for spheroplasts. A possible reason is that 
once the cell wall is removed also naked FND can enter easily. 
Permeability changes also affect time that is required by parti-
cles to enter the cells which can be seen from comparing with 
Hemelaar et al.[8]
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Figure 2. Size determined by dynamic light scattering of FND-lip and 
FNDs. The measurement was performed at 25 °C.

Figure 1. Schematic representation of diamond uptake into yeast. 1) The cell wall is removed. The remaining yeast cell, which is only covered by the 
cell membrane, is called spheroplast. 2) Nanodiamonds containing fluorescent defects are coated with lipids. 3) Finally, lipid-coated nanodiamonds 
are added to the spheroplasts. When their membranes fuse, diamond particles are released into the cytosol of the yeast cell.
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Although we were not able to directly prove membrane 
fusion (see Figure 8), using liposome as a coating agent for 
FNDs helped the particles entering cells. It has been shown that 
liposome coating changed FNDs zetapotential from electron-
egative to electropositive. When FND-lip are taken up by the  
cells, they bind to the negatively charged plasma membrane. 
A previous study showed that cells ingested positively charged 
particles better than negatively charged ones.[29]

As is known from the gene transfection field, spheroplasts 
have the disadvantage that they are more fragile than native 
cells.[30] This is likely also the reason why we see some reduced 
viability after the uptake protocol. Although spheroplasts 
cannot proliferate by budding, they still have abilities of normal 
yeast cells. Spheroplasts can also regenerate their cell wall and 
revert to normal reproducing cells when they are inoculated in 
solid medium supplemented with osmostabilizer.[31]

To test if the cells were still viable after diamond uptake, we 
performed MTT assays. The results are shown in Figure 6 for 
HT-29 cells (a) and as well for yeast spheroplasts in comparison 
to regular yeast cells (b).

Cells incubated with FND-lip survived better than FNDs 
for all the cell types. While FND-lip group has better survival 
rate, there is no significant difference between FND-lip and 
FNDs groups (P value > 0.05 with 95% confidence interval). 
The lipid-coated group has the highest percentage of cell sur-
vival compared to the other groups. The experiments indicate 
that liposomes have no harmful effect to cells. This is expected 
because liposomes are also natural cell membrane compo-
nents. The relatively low viability compared to literature values 
with diamonds alone here most likely comes from uptake pro-
tocol. Especially for yeast cells, lower viability is expected since 
they undergo an uptake protocol where the cell wall is removed 
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Figure 3. TEM images of FNDs a) and FND-lip b). The insets show a zoom-in at representative areas. Diamonds are shown in blue (false color) and 
liposome (free and as a coating are indicated with the red arrows).

Figure 4. a) Uptake of FND-lip into HT-29 cells (the image is 100 × 100 µm2). b,c) are zooms into representative areas. Typical ODMR spectra taken 
from NV centers inside FND-lip in such HT-29 cells are depicted in d). Diamonds can be identified by their typical double peak pattern. We did not see 
any significant difference between ODMR spectra between coated and uncoated particles. e) shows uptake of bare FNDs into HT-29 cells (the image 
is 50 × 50 µm2). f) is again a zoom in. Blue arrows point to diamonds that are clearly inside the cells.
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or partially removed. So, the “toxicity” does not come from the 
diamond themselves but from the method we use to achieve 
uptake.

3. Conclusions

Coating with liposomes offers a way to deliver FNDs into 
HT-29 cells and yeast cells, which do not ingest particles spon-
taneously. Through the creation of yeast spheroplasts, this 
method can even be extended to cells with a thick cell wall as 
yeast. This spheroplasting method could also be applied to use 

any of the other lipid-based coatings in literature for yeast cells. 
Since liposomes change the zeta potential of FNDs and since 
they might also fuse directly with the cell membrane, higher 
amounts of particles can be ingested. This could be especially 
useful in combination with coatings which prevent aggregation 
or which lead to targeting.

4. Experimental Section
The uptake behavior was evaluated with two different cell types: a colon 
cancer cell line called HT-29 and a S. cerevisiae BY4741 strain expressing 
Hxt6-GFP (green fluorescent protein). For HT-29, the cells were simply 
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Figure 6. MTT assays for a) HT-29 cell and b) yeast cells/spheroplasts. 100% is the value that is obtained for a control with untreated cells. For all 
cell types, liposomes alone are favorable while FNDs slightly decrease the viability. A positive control with H2O2 shows decreased viability as expected.

Figure 5. Quantification of FND-lip and FNDs ingested by yeast spheroplast cells and HT-29 EpCAM-GFP cells. In a,b) control group, yeast cells 
without any treatment for their cell wall were mixed with FND-lip and FNDs. For all situations, 100 cells were selected randomly and analyzed. In  
c,d), quantification of particle uptake for FND-lip and FNDs has been done in HT-29 EpCAM-GFP by selecting ten cell clusters (these cells grow in 
clusters not as individual cells). Data from all groups were analyzed by a homemade FiJi program.
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mixed with FND-lip. Since yeast cells have a thick cell wall, it is necessary 
to remove the cell wall first and then fuse with the liposomes. A schematic 
representation of uptake process into yeast is shown in Figure 1.

Preparation of FND-Coated Liposomes: FNDs used in this study were 
purchased from Adamas Nanotechnologies, Inc. (NC, USA; ND-NV-
70, >300 NV centers/diamond particle) and have a diameter of 70 nm 
with concentration 1 mg mL−1 in deionized H2O. They were oxygen 
terminated by acid cleaning from the vendor. Liposome kit (Sigma cat 
no. L4395) that contained 63 µmol l-α-phosphatidylcholine and 9 µmol 
cholesterol was mixed with deionized H2O. Size of liposomes could 
be decreased using a sonicator. To prepare FNDs coated with lipids,  
2 µg mL−1 of FND solution was added into liposomes and was mixed by 
vortexing for 30 s.

This liposome composition was chosen to contain a mixture of two 
phosphatidylcholines (PCs). The first were phosphatidylcholine (PC from 
egg source) head groups leading to liposomes with neutral zeta potential 
which were heavily hydrated.[32] The second had positively charged head 
groups. It was shown for ingesting other particles with this coating that 
positive charges from choline head in liposomes interacted with negative 
charges in cell membranes. Phospholipid bilayers of PCs were relatively 
soft membranes because of their unsaturated alkyl chains. During 
hydration process, flabby network-like structures formed and gave them 
an unstable structure. The structure stabilized through relaxation of 
membrane tension and appropriate amount of cholesterol.[33]

This was promoted by alkyl chains in phosphatidylcholine group.[34] 
If there is endocytosis, the presence of liposome can provoke 
destabilization of endosomal membrane.[35] Unsaturated alkyl chains also 
decrease transition temperature (melting temperature) of phospholipid 
bilayer membrane in cells and induce membrane fluidity, behavior, 
permeability, membrane fusion, lateral pressure, and flip-flop dynamic.[36]

Characterization of Liposome-Coated FNDs—Optically Detected 
Magnetic Resonance Measurement: To test if the coated FNDs are still 
useful for quantum measurements, ODMR measurements were 
performed. For the measurements, customized equipment similar to 
what is commonly used in the field and as described previously was 
used.[5] In short, the equipment was a homebuilt confocal microscope 
with built in microwaves and sensitive detection with avalanche 
photodiodes.

The sample suspension was dropped onto a microscope cover 
slide and evaporated in room temperature. The instrument was set to 
−12 dBm of microwave power, 1 mW of laser power, and 100 repetitions.

Characterization of Liposome-Coated FNDs—Dynamic Light Scattering 
Measurement: DLS measurement was used to determine the particle 
size and its changes after applying the coating. It was performed using 
Zetasizer nano system to determine diameter of particles. Samples were 
measured in triplicate and mixed in between to prevent sedimentation. 
DLS is not an ideal method to measure diamond aggregates due to 
sedimentation and the nonspherical shape of diamonds[37] is also not 
ideal for DLS. However, DLS is a fast method and averages over large 
particle numbers; therefore, it was still used here to get an impression 
on the particle sizes.

Characterization of Liposome-Coated FNDs—Zeta Potential 
Measurement: The sample of 5 µg mL−1 FND-lip was diluted in sterile 
deionized water. The measurements were performed in triplicate and 
5 µg mL−1 FND70 (FNDs with a hydrodynamic diameter of 70 nm) was 
used as control. All the measurements were performed at 25 °C.

Characterization of Liposome-Coated FNDs—Cryo TEM: To 
compensate the drawbacks of DLS, the results were also confirmed by 
using cryo TEM for complementary results. Samples were transferred to 
holy carbon-coated copper grids (Quantifoil 3.5/1) and frozen by rapid 
injection into liquid ethane (Vitrobot, FEI) and examined with FEI Tecnai 
T20 electron microscope operating at 200 keV. Images were taken under 
low dose conditions with a slow scan charged coupled device camera.

Cell Uptake Behavior—Cell Culture of HT-29 Cells: Cell culturing was 
done using standard conditions for this cell type. For this study, two 
different HT-29 cells were used. First, HT-29 EpCAM-GFP cell line that 
overexpresses the epithelial cell adhesion molecules fused to green 
fluorescent protein was used for particle uptake analysis. Second, HT-29 

non-GFP cell line that has been used for evaluating lipid–membrane 
interaction was used. The cells were maintained in Dulbecco’s modified 
eagle medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 1% antibiotics (penicillin/streptomycin), and 1% glutamax. They 
were cultured in T-75 flask containing 10 mL of DMEM and grown in 
humidified incubator under an atmosphere of 95% air and 5% CO2 at 
37 °C. Culture medium was replaced every 48 h. When the cells reached 
75–80% confluency, the medium was aspirated and the cell monolayer 
was treated with 3 mL of 0.25% trypsin EDTA and incubated for 5 min 
at 37 °C. After that, cells were visualized using a microscope to ensure 
complete detachment and resuspended in DMEM complete medium.

Cell Uptake Behavior—FNDs Liposomes Uptake in HT-29 EpCAM-GFP 
Cells: The cells with 60% confluency were put in a glass bottom cell 
dish with four compartments with 300 µL DMEM complete medium 
for each compartment. 5 µg mL−1 FND-lip and FNDs were added per 
compartment and incubated for 2 h. To preserve the cells for later 
measurements they were fixed. To this end, all media were aspirated 
and 3.7% paraformaldehyde (PFA) solutions were added in each 
compartment. After incubation for 15 min at room temperature, the 
solution was replaced by 1% of PFA.

Cell Uptake Behavior—FNDs Liposomes Uptake in Yeast Spheroplast:  
S. cerevisiae BY4741 strain expressing Hxt6-GFP was used since this strain 
is regularly used as a model organism to study aging on a molecular 
level. The HxT6-GFP mutant is a strain, which has GFP labels in the cell 
membrane. This allows to determine the cell borders via fluorescence. 
The yeast was grown in synthetic dextrose (SD) complete medium at 
30 °C with constantly shaking at 200 rpm. Creating yeast spheroplast 
was done by following a modification procedure by Karas et al.[38] The 
procedure is described in short in the following. After reaching an OD600 
(optical density at 600 nm) of 2.5–3, the cells were centrifuged at 2500 × g 
for 5 min at 10 °C and then the supernatant was removed. The cells were 
resuspended in 20 mL 1 m D-sorbitol and vortexed, and then centrifuged 
at 2500 × g for 5 min at 10 °C and the supernatant was removed. The 
pellet was resuspended thoroughly in 20 mL SPEM (containing 1 m 
D-sorbitol, 10 × 10−3 m EDTA pH 8, and 10 × 10−3 m sodium phosphate) 
buffer solution followed by vortexing. Then, zymolyase-20T (Amsbio,UK) 
and β-mercaptoethanol (Sigma, Netherlands) as an activator were 
added. The mixture was incubated for 30 min at 30 °C while constantly 
shaking at 75 rpm. To stop the spheroplasting process, 20 mL of 1 m 
D-sorbitol was added and the mixture was centrifuged at 1000 ×g for  
5 min at 10 °C. After that the supernatant was removed. The pellet was 
incubated in 2 mL STC (contains 1 m D-sorbitol, 10 × 10−3 m Tris-HCl, 
10 × 10−3 m CaCl2, and 2.5 × 10−3 m MgCl2) buffer solution at room 
temperature for 20 min. 200 µL yeast spheroplast suspension was 
combined with 50 µL of 5 µg mL−1 FND-liposome solution and 50 µL 
of 5 µg mL−1 FND as control group. Then, the samples were mixed by 
gently flicking the tube and incubated at room temperature for 5 min. 
This was a lot shorter than a few hours, which is typically used for 
endocytosis. Yeast spheroplasts were fixed using 1% PFA in buffer PBS 
for microscopy imaging. As a negative control, yeast cells without any 
treatment of the cell wall were incubated with FND-lip and FND with the 
same concentration.

Cell Uptake Behavior—Confirming Spheroplast Formation via Secondary 
Electron Microscopy: First, yeast cells and yeast spheroplasts were 
embedded in epon and osmium stained as described before.[39] In short, 
yeast cells and yeast spheroplasts were fixed with 1% glutaraldehyde 
and 4% PFA in 0.1 m cacodylic acid and resuspended in 1% of low melt 
agarose and then cut into ≈1 mm3 sections. All samples were post fixed 
in 1% osmiumtetroxide/2.5% potassium ferrocyanide in 0.1 m cacodilate 
buffer for 2 h and then dehydrated through an increasing graded ethanol 
series (30%, 50%, and 70%) for 10 min per concentration and three 
times 100% ethanol for 20 min. The samples were left overnight in  
1:1 ethanol and epon mixture at room temperature and replaced with 
pure epon and then incubated for 3 h at room temperature. After that, 
they were placed at 200 mbar vacuum for 10 min to remove air bubbles 
and then put at 58 °C over the weekend.

After embedding, semithin sections of around 300 nm were prepared 
with a glass knife. Use of more expensive diamond knives was avoided 
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to prevent potential damage of the knife by diamonds in the material. 
The sections were transferred to commercially available indium tin oxide 
(ITO)-coated glass plates.

SEM measurements were performed on a Hitachi SU5000 using 
2.5 keV and 29.6 µs dwell time and backscattering electron detection. 
The results in Figure 7 show a typical yeast cell as well as a spheroplast, 
after removal of the cell wall.

Cell Uptake Behavior—Evaluation of Cell Membrane Interaction with 
FND-Lip: Interaction between cell membrane and liposomes was 
investigated. The main purpose of this experiment was to evaluate 
if the lipid coating remains with the diamonds and to evaluate if the 
liposomes are able to promote membrane fusion. This experiment was 
performed with HT-29 non-GFP cells. Liposome was labeled with 0.5% 
N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-sn-Glycero-
3-Phosphoethanolamine (NBD-PE) (Thermo Fisher, Netherlands) 
in chloroform. After chloroform was evaporated, liposome-NBD PE 
was diluted in sterile deionized water and incubated with the cells 
for 20 min at 37 °C with 5% CO2. Interaction was analyzed by using 

Zeiss LSM 780 confocal laser microscope (Zeiss, 
Germany) at 463/536 nm. Figure 8 shows the 
interaction between liposome-NBD PE (in green) 
and cells.

Cell Uptake Behavior—Evaluation of Endosomal 
Pathway of FND-Lip: To further investigate the 
uptake mechanism, testing was performed for 
colocalization with endosomes. This was done in 
HT-29 non-GFP cells. First, cells with FND-lip were 
fixed with 4% PFA in phosphate buffered saline 
(PBS) pH 7.4 for 10 min at room temperature 
followed by cell permeabilization with PBS 
containing 0.5% Triton X-100(Sigma, Netherlands) 
for 10 min.

Cells were incubated with 1% bovine serum 
albumin in PBS (PBSA) for 30 min to block 
unspecific antibody. Early endosomal antibody 
1 (EEA1) (Thermo fisher, Netherlands) was used as 
primary antibody and diluted in 0.1% PBSA (1:200). 

It was incubated with the cells for 1 h at room temperature and followed 
by washing step with 1% PBSA.

After incubation with primary antibody, cells were incubated in 
secondary antibody donkey antirabbit FITC (Thermo Fisher, Netherlands) 
in 0.2% PBSA (1:100) for 45 min at room temperature followed by a 
washing step with 1% PBSA. All samples were wrapped with tin foil to 
avoid light exposure.

Evaluation was performed with a confocal laser scanning microscope 
at 463/536 nm and colocalization analysis Coloc2 plugin in FiJi 
software. Figure 9 shows endosomes (in green) and FND-lip (red) in 
HT 29 non-GFP cells. It is clear from the analysis that diamonds do not 
colocalize with early endosomes.

To quantify this finding, the Pearson correlation r was calculated as 
defined by Manders et al.[40] A value of 0.12 ± 0.61 was received which 
means FND-lip has little correlation with EEA1.

Cell Uptake Behavior—Characterization of FND-Lipid Uptake and 
Particles Analysis: To quantify FND uptake, 4 µL fixed yeast spheroplast 
cells were put between a poly-l-lysine–coated glass slide and a cover 
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Figure 7. Yeast cells a) compared to yeast spheroplasts. b) Yeast cells are surrounded by a thick 
cell wall, which is removed to create a yeast spheroplast.

Figure 8. Interaction between liposome-NBD PE with HT-29 non-GFP cells. Green represents liposome-NBD PE particles. While some of the 
liposomes remain in the cell membrane, part of the liposomes entered the cell. a) shows the sample with FND-lip and b) shows a sample with 
liposome only. While we cannot directly proof membrane fusion, we clearly observed uptake and we can see that the lipid coating remains with the 
diamond particles.
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glass, and imaged by using Zeiss LSM 780 confocal laser scanning 
microscope (Zeiss, Germany). HT-29 EpCAM-GFP cells that were fixed 
in 1% PFA were observed by using confocal laser scanning microscope. 
FND particles were imaged at 561/650 nm and GFP was imaged at 
488/525 nm. The number of particles that were ingested by cells was 
determined by a homemade FiJi program.[6] In short, 100 yeast and 
spheroplast cells and 10 clusters of HT-29 EpCAM-GFP were selected 
randomly and an algorithm was applied to find area of the well in 3D. 
The volume close to the membrane was automatically subtracted to 
avoid false positive results from particles on the surface.

Cytotoxicity Assay—MTT Assay for HT-29 Cells: The MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide] assay 
was performed for assessing metabolic activity and cytotoxicity in 
HT-29 cells. The cells were seeded at a density of 1.5 × 104 cells per 
well in 96-well microliter tissue culture plates and placed in a 5% CO2 
humidified incubator until 60% confluency. DMEM complete medium 
was removed and 5 µg mL−1 FND-lip, 5 µg mL−1 FND, or 5 µg mL−1 
liposome in culture medium were added. Pure medium and cytotoxic 
30% hydrogen peroxide served as negative and positive controls. All 
samples were incubated for 2 h. Following the treatments, medium was 
removed and 100 µL MTT solution (5 mg mL−1 MTT in sterile PBS) was 
added to each well followed by incubation for 4 h. Subsequently, the 
MTT solution was removed and 200 µL isopropanol was added to each 
well, to dissolve formazan crystals, followed by incubation for 10 min 
at 37 °C. Optical densities were read with microplate reader Fluostar 
Optima (BMG Labtech, Ortenberg, Germany) at 540 nm. Cell viability 
rate was calculated as percentage of MTT absorption as follows.

)(=
×

%survival Mean experimental absorbance/mean control absorbance
100%  

(1)

Cytotoxicity Assay—MTT Assay for S. Cerevisiae Cells: Cells were grown 
in SD medium to early exponential or stationary phase and washed 
with sterile water. Cell density was adjusted to an OD600 of 2. 1 mL of 
cell suspension was mixed with 5 µg µL−1 FND-liposome, 5 µg mL−1 
FND, or 5 µg mL−1 liposome in SD medium and incubated for 2 h in 
an incubator at 37 °C. The MTT assay was done by following Gerlier and 
Thomasett’s (1986) protocol.[41] The only adaptation made was using 
lower speed of centrifugation (1000 ×g) for the spheroplasts, compared 
to the speed used for yeast cells with a cell wall.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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