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Abstract: Protein aggregation is a common characteristic of several human diseases such as Alzheimer’s
disease. Recent evidence has indicated that the aggregation of peptides such as p53 is also marked
in cancer cells. The aim of this study was to correlate Thioflavin T (ThT) data with different cellular
viability assays (Neutral Red and MTT) in SH-SY5Y neuroblastoma cells and HT-29 colon cancer cells
treated with doxorubicin, a classical antineoplastic agent. We also studied the effects of the well-known
peptide AB42 on the aggregation process in these cells. Our data suggest that both cancer cell lines
are responsive to doxorubicin and formed aggregates, highlighting a relationship between ThT and
cellular viability methodologies. We observed that lower values of cell viability corresponded with
pronounced aggregation. Thus, these results indicated that the ThT methodology used in cells may
complement the cell viability assays. In addition, this methodology may be of interest to evaluate the
role of protein aggregation in other cancer cells.
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1. Introduction

In stressful situations, soluble proteins can undergo structural changes and self-
assembly, culminating in their aggregation. Protein aggregation has been extensively
studied and is pronounced in pathologies such as Parkinson’s disease, Alzheimer’s, and
type 2 diabetes [1].

To monitor the in vitro formation of proteins and other aggregation structures,
Thioflavin T (ThT) can be used. This molecule is a probe that—after binding to amy-
loid fibrils, hydrophobic pockets in globular proteins, and other molecules such as DNA
oligomers—generates a fluorescent signal at 482 nm after excitation at 450 nm [2—4]. Al-
though the phenomenon of protein aggregation has already been studied in cancer, the
evaluation of the formation of aggregates by the ThT technique can generate information
regarding cancer diagnosis and carcinogenesis processes [5]. For example, p53 aggregation
can be an important factor in both carcinogenesis and tumour progression. The misfolded
form of this protein can form amyloid-like fibrils, which ultimately lead to disturbances
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in the pro-apoptotic and tumour-suppressing function of p53 [5,6]. Recently, a study also
showed that breast cancer cells (MDA-MB-231 cell line) that are damaged at the mitochon-
drial level accumulate aggregates of p53 that resist degradation by lysosomes [7]. Evidence
shows that this probe is also capable of binding nucleic acids [8] and recent studies have
found that when using the ThT technique, it is also possible to detect microRNAs, known
for being important biomarkers in various types of cancer [9]. Despite the advantages, there
are several drawbacks associated with this methodology, particularly the lack of robustness.
Additionally, the difficulty in finding optimal concentrations of ThT has generated a lack
of consensus regarding the in vitro application of this probe [1]. In this manuscript, our
research group aimed to understand whether the phenomenon of aggregation could be
connected to cell viability studies (MTT and Neutral Red uptake assays) in the context of
cancer. We then performed the ThT methodology on different cancer cell lines, HT-29 (colon
cancer) and SH-SY5Y (neuroblastoma), after the application of a drug clinically used in
cancer therapy, doxorubicin (DOXO). We then performed a comparison with the results
obtained by the MTT and Neutral Red assays. Our results helped us to understand if the
phenomenon of aggregation, detected by ThT, was important in cancer, if it was related to
the viability of the cells, and if it varied in different types of cancer such as neuroblastoma
and colon cancer. We demonstrated, for the first time, that the ThT methodology can
be useful for studies involving peptides and cancer cells. In Figure 1, a summary of the
methodologies used in this manuscript is represented.

p . Neutral Red Assay
Cell Viability Studies ( )
. J MTT Assay
SH-SY5Y and HT-29 \ J
Cell Culture and Thioflavin T Assay
Treatment
Cell Morphology
Visualisation

Figure 1. Summary of the methodologies used in this work.

2. Materials and Methods
2.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), foetal bovine serum (FBS), and penicillin-
streptomycin mixture were obtained from Millipore Sigma (Merck KGaA, Darmstadt, Ger-
many). Mccoy’s 5A Medium, Thiazolyl Blue Tetrazolium Bromide (MTT; cat. no. M5655),
a Neutral Red solution (cat. No. N2889), Thioflavin T (cat. no. T3516), and Hexafluoro-
2-propanol (HFIP; cat. no. 105228) were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Doxorubicin hydrochloride (cat. no. 2252) was purchased from Tocris
Bioscience (Bristol, UK). The A(342 peptide (cat. no. RP20527) was purchased from GenScript
(Piscataway, NJ, USA).

2.2. Cell Culture

Human neuroblastoma cell line SH-SY5Y (American Type Culture Collection, Man-
assas, VA, USA) and human colorectal adenocarcinoma cell line HT-29 (American Type
Culture Collection, Massanas, VA, USA) were incubated at 37 °C in a humidified atmo-
sphere (95% air, 5% CO5,). These cells were cultivated in DMEM and Mccoy’s 5A Medium
(SH-SY5Y cells and HT-29 cells, respectively) supplemented with 10% FBS and 1% of a
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penicillin/streptomycin solution (1000 U/mL; 10 mg/mL). For culture maintenance, both
cell lines were cultured in a monolayer and sub-cultured once a week when confluent
(75-80%). Before each experiment, the cells were trypsinised (0.25% trypsin-EDTA), cen-
trifuged (1100 rpm, 5 min), and seeded at a density of 1 x 10° cells/mL in 48-well plates,
which were attached for a period of 24 h.

2.3. Cell Treatment

DOXO was dissolved in water (filtered) and added to both cell lines at final concen-
trations of 1 nM, 10 nM, 100 nM, 1 uM, and 10 uM. The cellular viability values were
determined by MTT tetrazolium reduction and Neutral Red uptake assays after 24 h and
48 h of treatment with this drug, respectively. Dose-response curves and half-maximal
inhibitory concentration (ICsg) values for this drug after 24 h and 48 h of treatment, re-
spectively, were obtained through the Neutral Red uptake assay. For the preparation and
incubation of the A342 peptide in the cells, the peptide was dissolved in HFIP (1 mg/mL)
and incubated overnight at room temperature. The peptide was then frozen (—80 °C)
followed by lyophilisation to evaporate the HFIP. After this last process, the peptide was
dissolved in water (1 mg/mL) and used in the cells at a concentration of 10 uM as previously
described [10,11].

2.4. Cell Viability Assays

After the cells were attached to the 48-well plates, DOXO was applied to the cells
for 24 h and 48 h. After the treatment with this agent, the cell viability was evaluated by
two distinct assays, MTT and Neutral Red. For the MTT assay, the culture medium was
discarded and 200 pL/well of MTT solution (0.5 mg/mL in PBS) was added to the cells.
The cells were then incubated for 3 h (light-protected). After that, the MTT solution was
removed and 200 pL./well of DMSO was added to the cells. The absorbance values (570 nm)
were determined in an automated microplate reader (Tecan Infinite M200, Switzerland). For
the Neutral Red uptake assay, the Neutral Red medium (1:100 in the culture medium) was
prepared the day before; before being applied to the cells, this medium was centrifugated
(10 min, 1800 rpm). After that, the cell culture medium was removed and 250 pL/well
of Neutral Red solution was added to the cells followed by a period of incubation of
3 h (light-protected). This solution was then discarded, washed with PBS (300 uL/well),
and 250 puL/well of Neutral Red de-stain solution (50% of 96% ethanol, 49% de-ionised
water, and 1% glacial acetic acid) was added to the plate. The absorbance at 540 nm was
determined in an automated microplate reader (Tecan Infinite M200, Tecan Group Ltd.,
Miénnedorf, Switzerland).

2.5. Cell Morphology Visualisation

After the treatments, the SH-SY5Y and HT-29 cell morphology was analysed using a
Leica DMI6000B automated microscope (Wetzlar, Germany) coupled to a Leica DFC350 FX
camera and LAS X software.

2.6. Thioflavin T Assay

After the cells were attached to the 48-well plates, DOXO and the A342 peptide
were applied to the cells for 24 h and 48 h. Both cell lines were then subjected to the
Thioflavin T (ThT) assay to assess the cell staining with this dye. To perform this protocol,
300 uL/well of ThT (10 uM in PBS) was added to the cells (without aspiration). The plates
were then subjected to a slight agitation for 10 min and the fluorescence (excitation 450 nm,
emission 485 nm) was measured using a fluorescence microscope (Olympus IX51, Tokyo,
Japan) coupled to an Olympus XM10 digital camera equipped with a FITC filter cube using
CellSens software.
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2.7. Statistical and Data Analyses

GraphPad Prism 8 software (San Diego, CA, USA) was used to create the graphs,
calculate the ICsy values, and carry out the statistical analysis. The total cell counts and
fluorescence quantification were performed using Image] software (version 1.6.1, National
Institutes of Health; Bethesda, MD, USA). The results were presented as a mean + SEM for
a minimum of three independent experiments. Statistical comparisons were performed
between the control and treatment conditions with a Student’s t-test and a one-way ANOVA
test. The differences were statistically significant when the p-value was < 0.05. Dose-
response curves were obtained by non-linear regression (curve fit) using the function
Y =100/(1 + 10"([LogICs0-X] * HillSlope)).

3. Results and Discussion
3.1. SH-S5Y5Y Cells and Peptide Ap42

Our first aim was to observe the natural aggregation in human SH-SY5Y neuroblas-
toma cells based on morphological changes. The cell morphology of the untreated cells
was assessed by phase-contrast microscopy (Figure 2A). Figure 2B represents the untreated
cells stained with ThT and displaying background fluorescence.

Figure 2. Phase-contrast images of untreated human SH-SY5Y cells (A) for 24 h and fluorescence
images of untreated SH-SY5Y cells (B). Scale bar: 1020 pm.

Cell-penetrating peptides can be associated with the ability of aggregation and its
sequence or cargo, and eventually cell death [12-23]. Human (3-amyloid (1-42) peptide
is a classical peptide used in studies of aggregation with ThT staining [24] because it is
associated with the formation of protein aggregates. As shown in Table 1, the results
demonstrated that this phenomenon of aggregation could be associated with the intrinsic
properties associated with the protein structure such as the isoelectric point (5.17 for A342).
In Figure 3, the ratio of hydrophilic residues/total number of residues was close in the two
peptides, representing an advantage.

3.2. Effect of Doxorubicin on the Viability of HT-29 and SH-SY5Y Cells

To explore the phenomenon of aggregation in neuroblastoma and colorectal cancer
cells, and to understand if the ThT methodology could be used to complement cell viability
assays such as MTT and NR, we started by treating SH-SY5Y and HT-29 cells with increasing
concentrations of DOXO, a reference drug used for cancer therapy. This drug intercalates
with DNA and inhibits the progression of topoisomerase II, impairing the synthesis of
nucleic acids. After an exposition of 24 h and 48 h, the cell viability was evaluated by two
different cell-based methods, MTT and Neutral Red (NR). The cell morphology was also
evaluated by microscopy.
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Table 1. Calculations and estimations on physiochemical properties of peptide A342 using the software
Pepcalc.com (peptide property calculator) [25] and the Peptide Calculator from BACHEM [26].

Peptide AB42 (Beta-Amyloid Peptide (1-42) (Human))
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
Sequence
(COOH)
Number of residues 42
Molecular weight 4514.04 g/mol
Extinction coefficient 1280 M~ em™!
Isoelectric point pH5.17
Net charge at pH 7 2.7
Average hydrophilicity —0.1
Ratio of hydrophilic residues/total number of residues 31%

Net Charge Hydrophilicity

Figure 3. Representation of net charge and hydrophilicity of peptide Ap42 (from Peptide Calcula-
tor/BACHEM).

For the HT-29 cells, the MTT results for the 24 h treatments demonstrated a lack of
significant efficacy of DOXO in reducing the mitochondrial activity for all concentrations
between 1 nM and 1 uM (Figure 4A). A significant reduction in the cell viability occurred
in HT-29 treated with 10 uM of DOXO with a reduction of approximately 20% of the viable
cells. The NR cytotoxicity assay was also used to evaluate the drug cytotoxicity as this
technique is based on the ability of viable cells to take up Neutral Red via active transport
and incorporate this dye into their lysosomes. The results for the NR assay agreed with
the results obtained for the MTT assay and demonstrated the low activity of DOXO in
the HT-29 cells except for the higher concentration (10 M), whose treatment resulted in
a decrease of almost 50% of the viable cells (Figure 4B). The dose-response curve for 24 h
indicated that DOXO had an ICs( value of 1.473 pM (Figure 4C). These results were also
observed by microscopy; there was a significant reduction in the cell numbers and changes
in the morphology of the HT-29 cells treated with 10 uM DOXO, which became rounder
and vacuolised (Figure S1).
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Figure 4. Effects of DOXO on the viability of HT-29 colon cancer cells determined by (A) MTT and
(B) NR assays. Based on the results of the NR assay, a dose-response curve was calculated (C). Cells were
treated with increasing concentrations of DOXO for 24 h. The results are shown as the percentage of the
control and are expressed as the mean & SEM of three independent experiments (1 = 3). * Statistically
significant vs. the control at p < 0.05. **** Statistically significant vs. the control at p < 0.0001.

To evaluate if prolonged exposure periods resulted in an enhanced efficacy of DOXO,
we treated the HT-29 colon cell line for a period of 48 h with the same concentrations of
DOXO as described above. The MTT results demonstrated a significant reduction in the
cell viability in the concentrations of DOXO above 100 nM with 10 uM causing a reduction
of 50% of the viable cells (Figure 5A). These results also agreed with the results obtained
by the NR assay for 48 h (Figure 5B), validating both methodologies for the assessment
of drug cytotoxicity. The ICsy for DOXO for 48 h was, as expected, lower than the one
obtained for the 24 h treatment with a value of 801.7 nM (Figure 5C), demonstrating that
the incubation time was a determinant for DOXO efficacy in the HT-29 cells. In accordance
with these results, the cell morphology was also altered compared with the control cells in
the treatments with DOXO above 100 nM with the cells becoming more vacuolised and
rounder and forming fewer aggregates (Figure S2).

Regarding the SH-SY5Y cells, these cells were responsive to DOXO and, in general, the
cell viability was inversely proportional to the concentration values of DOXO at both 24 h
(Figures 6 and S3) and 48 h (Figures 7 and S4). This response was more pronounced after 48
h of treatment (Figure 7), andin the Neutral Red assay (Figures 6B and 7B), compared with
the MTT assay (Figures 6A and 7A). These results were in agreement with the obtained
results for the HT-29 cells and both methodologies for the assessment of drug cytotoxicity
were validated. The lowest values of cellular viability were obtained for concentrations
greater than 100 nM, which were statistically significant vs. the control. By analysing the
obtained dose-response curves, it was possible to observe that with concentrations of 118.5
nM (Figure 6C) and 91.91 nM (Figure 7C), there was a reduction of 50% of the cells. These
values of concentration represented the ICsy values of DOXO on the SH-SY5Y cells for
24 h and 48 h, respectively. Analysing Figures S3 and 5S4, it was possible to verify that
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Figure 5. Effects of DOXO on the viability of HT-29 colon cancer cells determined by (A) MTT and
(B) NR assays. Based on the results of the NR assay, a dose-response curve was calculated (C).
Cells were treated with increasing concentrations of DOXO for 48 h. The results are shown as the
percentage of the control and are expressed as the mean + SEM of three independent experiments
(n = 3). ** Statistically significant vs. the control at p < 0.001.

Taken together, these results supported the antineoplastic activity of DOXO in the
HT-29 and SH-SY5Y cell lines.

3.3. Effect of Doxorubicin on the Thioflavin T Staining of HT-29 and SH-SY5Y Cells

We then evaluated the formation of aggregates in HT-29 colorectal cancer cells and
SH-SY5Y neuroblastoma cells expressed in relative fluorescence units (RFU; fold change vs.
the control cells) using the ThT methodology over 24 h and 48 h with a DOXO treatment.
The Ap42 peptide was also used as a positive control.

Regarding the SH-SY5Y neuroblastoma cells, our results revealed that between the
concentrations of 1 nM and 1 uM of DOXO, the fluorescence intensity increased at both
24 h (Figure 8A) and 48 h (Figure 8B). This growing trend was even more pronounced
at 48 h of treatment. Of all the concentrations, the treatment with 1 uM of DOXO led to
the highest RFU values (Figure 9), especially at 48 h. Due to the interference of the strong
reddish solution of 10 uM of DOXO, there was a significant amount of background noise in
the fluorescent images and the evaluation of the relative fluorescence could not accurately
be ascertained for this concentration.
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Figure 6. Effects of DOXO on the viability of SH-SY5Y neuroblastoma cells determined by (A) MTT
and (B) NR assays. Based on the results of the NR assay, a dose-response curve was calculated (C).
Cells were treated with increasing concentrations of DOXO for 24 h. The results are shown as the
percentage of the control and are expressed as the mean 4= SEM of three independent experiments
(n = 3). * Statistically significant vs. the control at p < 0.05. **** Statistically significant vs. the control
at p < 0.0001.
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Figure 7. Effects of DOXO on the viability of SH-SY5Y neuroblastoma cells determined by (A) MTT
and (B) NR assays. Based on the results of the NR assay, a dose-response curve was calculated (C).
Cells were treated with increasing concentrations of DOXO for 48 h. The results are shown as the
percentage of the control and are expressed as the mean + SEM of four independent experiments
(n = 4). **** Statistically significant vs. the control at p < 0.0001.
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Figure 8. Effects of treatment with DOXO on the formation of aggregates in SH-SY5Y neuroblastoma
cells (A,B) and HT-29 colon cancer cells (C,D) for 24 h (left) and 48 h (right) treatments. Cells were
stained with ThT and aggregate formation was quantified in relative fluorescence units. Cells were
treated with increasing concentrations of DOXO. A342 peptide was added as a positive control.
The results are shown as a fold change vs. the control and are expressed as the mean + SEM
of three independent experiments (n = 3). * Statistically significant vs. the control at p < 0.05.
** Statistically significant vs. the control at p < 0.01. *** Statistically significant vs. the control at
p < 0.001. **** Statistically significant vs. the control at p < 0.0001.

Regarding the HT-29 cells, for the 24 h treatment (Figure 8C), there was a concentration-
dependent increase in the fluorescence among all concentrations. The highest value of
fluorescence was obtained in the treatments with 1 pM of DOXO (Figure 9). For the 48 h
treatment (Figure 8D), there was less fluorescence signal per treatment compared with the
treatments for 24 h. The relative fluorescence followed the same tendency as the treatment
for 24 h with the highest value for the 1 uM DOXO treatment. Regarding the results
obtained with the AB42 peptide, it led to a higher RFU vs. the control. However, in
general, the fluorescence values obtained for this peptide were lower than those obtained
for the treatment of the cells with DOXO. Taken together, our results for both cell lines and
both periods of treatment demonstrated that DOXO could induce a greater formation of
aggregates than the positive control (A(342).

Comparing the MTT and NR assays with the ThT methodology, we observed that
lower values of cellular viability correlated with greater aggregation both in SH-SY5Y
(Figure 10A,B) and HT-29 (Figure 10C,D) for treatments of 24 and 48 h. Our results
suggested that the ThT methodology used in the cells could complement cell viability
assays such as MTT and NR. Using this methodology, it was possible to hypothesise that an
increase in DOXO concentrations (and periods of incubation) led to more significant cellular
changes and toxicity, allowing ThT to easily gain access to compromised cells. These results
allowed us to establish a relationship between ThT and cellular viability assays.
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Figure 9. Images of the formation of aggregates in SH-SY5Y neuroblastoma cells and HT-29 colon
cancer cells treated with DOXO (1 uM). Cells were stained with ThT. Ap42 peptide was added as
a positive control. Representative images were obtained in three independent experiments (1 = 3).
Scale bar: 50 um.
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Figure 10. Relationship between MTT, NR, and ThT results obtained in two different cell lines,
SH-SY5Y neuroblastoma (A,B) and HT-29 colon cancer cells (C,D) treated with DOXO for 24 and
48 h, respectively.

4. Conclusions

Protein aggregation is a frequent characteristic in many neurodegenerative pathologies.
Recently, this process was also associated with carcinogenesis. Therefore, the analysis of
protein or other structures and aggregation in cancer cells may be a relevant additional
parameter for a detailed characterisation of cancer status. Thus, the major aim of the
present study was to determine the formation of aggregates in cancer cells (SH-SY5Y cells
and HT-29 cells) by a ThT assay and link these data with cellular viability data after
treatment with DOXO. Our data indicated that in both cancer cell lines, the increase in the
effectiveness of DOXO accompanied a loss of viability of the cells. One of these factors could
be associated with aggregation phenomena, which was confirmed by our data obtained
with the Thioflavin T method. Our data also revealed that the Thioflavin methodology had
a different affinity according to the period of contact of the cells with the drug and the type
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of cell. However, in both cancer cell lines in the study, there was a similar tendency of an
RFU increase that followed a cellular viability decrease. It is important to mention that
the observed fluorescence after the ThT application could be explained by the presence
of amyloid aggregates, globular proteins, other compounds such as DNA oligomers, or
other non-amyloid structures because, as mentioned in the introductory section, ThT also
reflects the presence of other molecules. In summary, with the application of DOXO in
crescent concentrations, we observed that lower cell viability values correlated with greater
fluorescence values obtained with the ThT methodology. As it has already been extensively
described and demonstrated in this manuscript, DOXO is a drug that is cytotoxic but in a
different way from the Ap42 peptide and tends to lead to neurodegeneration/apoptosis in
a time-consuming process, which may explain the differences observed between DOXO
and the A342 peptide, mainly regarding cytotoxicity [27]. Thus, these data can provide
evidence about a connection between the cell viability values by MTT/NR approaches and
the fluorescence values by the ThT methodology. Greater cytotoxicity reflects in greater ThT
fluorescence. Nevertheless, these results allow the study of aggregation in the context of
cancer because there is a strong possibility that DOXO may trigger a few pathways involved
in aggregation such as p53 aggregation [28]. Further studies regarding the Thioflavin T
technique may be necessary to study the role of protein aggregation in other cancer cells
because this technique may be very important to complete other methodologies and provide
further details regarding cancer evolution and carcinogenesis processes. Future research
should determine the co-localisation of ThT dye and other relevant proteins in the context
of cancer such as p53 protein.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijtm2020011/s1; Figure S1: Effects of 24 h treatment with DOXO
on the morphology of HT-29 cells. Representative images obtained in three independent experiments
(n = 3). Scale bar: 50 uM; Figure S2: Effects of 48 h treatment with DOXO on the morphology of HT-29
cells. Representative images obtained in three independent experiments (1 = 3). Scale bar: 50 pm;
Figure S3: Effects of 24 h treatment with DOXO on the morphology of SH-SY5Y cells. Representative
images obtained in three independent experiments (1 = 3). Scale bar: 50 um; Figure S4: Effects of 48 h
treatment with DOXO on the morphology of SH-SY5Y cells. Representative images obtained in three
independent experiments (1 = 3). Scale bar: 50 um.
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