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Progress has been made studying cell-cell signaling communication processes. However, due to limitations of 
current sensors on time and spatial resolution, the role of many extracellular analytes is still unknown. A single 
walled carbon nanotube (SWNT) platform was previously developed based on the avidin-biotin immobilization 
of SWNT to a glass substrate. The SWNT platform provides real time feedback about analyte concentration and 
has a high concentration of evenly distributed sensors, both of which are essential for the study of extracellular 
analytes. Unfortunately, this initial SWNT platform is synthesized through unsterile conditions and cannot be 
sterilized post-production due to the delicate nature of the sensors, making it unsuitable for in vitro work. Herein 
the multiple-step process for SWNT immobilization is modified and the platform’s biocompatibility is assessed in 
terms of sterility, cytotoxicity, cell proliferation, and cell morphology through comparison with non -sensors 
controls. The results demonstrate the SWNT platform ’s sterility and lack of toxicity over 72 h. The prolifera- 
tion rate and morphology profiles for cells growing on the SWNT platform are similar to those grown on tissue 
culture substrates. This novel nano-sensor platform preserves cell health and cell functionality over time, offering 
opportunities to study extracellular analytes gradients in cellular communication. 

 
 

 
1. Introduction 

 
Cellular communication, the transmitting, receiving, and processing 

of signals, is vital for healthy cell and tissue function [1,2]. It is known 
that cells communicate through the release of specific concentrations of 
various analytes [1,2], but the concentration and temporal profiles of 
many of the analytes involved in cellular communication are unknown, 
possibly due to the lack of temporal and nanoscale spatial sensors for the 
highly bioactive molecules that are frequently used in cellular commu- 
nication. Single walled carbon nanotubes (SWNT) are both small in size 
and can act as real-time sensors [3], making them ideal candidates for 
the quantification of extracellular analytes involved in cellular 
communication. 

SWNT are pure carbon structures with unique electronic and optical 
properties directly related to the orientation of the SWNT’s carbon 
bonds, known as chirality [4]. When fluorescent SWNT are excited by 

visible light (400–800 nm) they fluoresce in the near infrared (nIR) re- 
gion (900–1500 nm) [3,5]. Carbon nanotubes are hydrophobic, but can 
be functionalized with different wrappings, including polymers and 
DNA oligomers, to create a hydrophilic compound suitable for use in 
biological settings [6]. Moreover, by wrapping the SWNT it can be made 
to react to specific analytes, creating a sensor that changes intensity 
and/or wavelength of the fluorescence signal when exposed to the an- 
alyte [7]. Once the analyte of interest is removed from the SWNT, the 
fluorescent intensity/wavelength returns to its pre-exposure level. The 
fluorescence of the SWNT sensor is not permanently altered by inter- 
acting with the analyte of interest, so it can be used for repeated sensing 
events [7]. The library of analytes detected by SWNT continues to 
expand, some of these analytes are metal ions [8], reactive oxygen 
species (ROS) [9], reactive nitrogen species (RNS) [10], neurotrans- 
mitters [11], lipids [12], proteins [13], and other biomolecules crucial in 
cell signaling processes [14]. 
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In addition to the functional properties, the structural characteristics 
of SWNT contribute to their unique capabilities. SWNT ’s small size, 
varying from 0.6 to 1.3 nm in diameter and lengths up to 550 mm [15, 
16], provides uniform spatial distribution information within micro- 
meter distances and allows gradient profiles to be determined [12,17]. 
However, SWNT is easily internalized by cells due to its small size [17]. 
To study extracellular analytes, it is necessary to arrest or immobilize 
the carbon nanotube onto a substrate without affecting their sensing 
functionality. 

Multiple ways of immobilizing nanoparticles to substrates are based 
on covalent interactions, however, covalent binding of the SWNT leads 
to a change in the electron dynamics, impacting the fluorescent func- 
tionality of the sensors [6]. To avoid covalent binding, non-covalent 
interactions, primarily involving electrostatic forces, are frequently used 
when working with SWNT. Specifically, the electrostatic interac- tion 
between the positively charged 3-aminopropyl triethoxysilane (APTES) 
and the negatively charged DNA backbone of the SWNT wrapping, has 
been used in multiple studies [11,18]. Unfortunately, electrostatic 
interactions provide low spatial distribution, decreasing the sensor’s 
capability to analyze spatial changes in extracellular analytes [11,19]. 
Carbon nanotubes can also be immobilized within hydrogels to avoid 
covalent binding, but this method decreases either the real-time sensing 
and/or spatial capabilities [20–23]. We recently used the avidin-biotin 
non-covalent interaction to immobilize SWNT on glass substrates by 
wrapping the SWNT with biotinylated DNA and attaching avidin to the 
glass slides [24]. The SWNT–glass platform has a high concentration 
and even distribution of SWNT, which has the potential to 

provide a spatial and temporal understanding of the extracellular ana- 
lytes’ role in cell–cell communication [24]. However, the previously 
developed platform is synthesized through various non-sterile steps. 
Since microbial contamination can alter cell population dynamics and 
extracellular analyte concentrations, the non-sterile method for making 
the platforms is unsuitable for use with cells. 

Various methods of sterilizing bio-scaffolds exists, including the use 
of organic solvent immersion [25], UV exposure [26,27], high temper- 
ature, and high pressure treatments [28]. However, for our specific 
application of sterilizing the SWNT platform, these methods will not 
work since they can damage the biomolecule-based SWNT wrapping, 
altering the sensor properties [29,30]. Therefore, we modified the 
SWNT immobilization process to create a sterile and biocompatible 
sensor platform for in vitro experimentation, Fig. 1a. 

The biocompatibility of the platform was assessed based on cyto- 
toxicity, proliferation, and morphology changes in cells growing on the 
SWNT platform. This new SWNT platform (SWNT) was compared with 
glass slides before the immobilization process (GLASS) and tissue culture 
treated plates (PLATE), since they can serve as a control to see the impact 
of the SWNT on the cells (GLASS) and as the standard cell growth platform 
(PLATE); Fig. 1b shows an overview of these three conditions. The 
present work demonstrates the capability of the new SWNT plat- form 
to provide a biocompatible system for spatial and temporal detection of 
extracellular analytes. 

 
 

 
 

Fig. 1. (a) Illustration of the multiple-step process to immobilize SWNT on a glass slide with modifications from the original non-sterile technique introduced from step 
3 to ensure sterility. (b) Schematic of the assessment of the modified SWNT immobilization method as a substrate for in vitro studies. Cellular functionality on SWNT 
was compared with two other substrates: GLASS (prior to SWNT immobilization) and PLATE (which is known to promote cell growth). Created with Biorender 
.com. 

http://biorender.com/
http://biorender.com/
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2. Material and methods 
 

SWNT functionalization: SWNT were dispersed with DNA oligos 
according to methods previously described [10,31]. Briefly, CoMoCAT 
6,5 SWNT (Sigma) were suspended with single stranded DNA in a 2:1 
mass ratio in nanopure water. The DNA oligos used were a 1:1 volu- 
metric ratio of (AT)15 and 5′-biotinylated (AT)15 oligos (Integrated DNA 
Technologies). The suspension was bath-sonicated for 10 min, followed 
by ultrasonication for 40 min using a 3 mm probe-tip sonicator to un- 
bundle and disperse individual nanotubes and promote DNA function- 
alization. Subsequently, the solution was centrifuged for 180 min at 16, 
100 RCF to remove any unwrapped SWNTs in the supernatant. 

Fabrication of biocompatible SWNT-platform: SWNT immobiliza- 
tion onto glass slides followed our previously published protocol [24] 
with specific modifications implemented to ensure sterile conditions. 
Glass slides were sterilized in step two by overnight immersion in a 
3-GPTMS solution (98 % ethanol). The subsequent steps were performed 
under sterile conditions within a biosafety cabinet. To preserve sterility 
while transitioning the slides to the oven for 150 ◦C for 3 h (step 3), we 
designed stainless-steel boxes and autoclaved them before use. For steps 
4 and onward, we used the same customized boxes and added water in 
sterile vials to keep the humidity below the glass slides during the in- 
cubation at 37 ◦C overnight. Solutions utilized in the process were 
sterilized using 0.2 μm filter vacuum systems, including the avidin 1 
mg/ml Avidin in 10 mM NaHCO3, and the 2 mM aspartic acid in 0.5 M 
NaHCO3. 

Mycoplasma Assay: Mycoplasma detection employed the MycoAlert 
Mycoplasma Detection Kit (Lonza, LT07-701). This kit utilizes an 
enzymatic reaction with the MycoAlert substrate, converting ADP to ATP. 
Luminescence readings quantified ATP levels with the Modulus 
Luminometer (Turner Biosystems). The MycoAlert assay control set 
(LT07-518) served as a positive control, and the experimental procedure 
followed the manufacturer’s protocol. 

Endotoxin Assay: The Gel Clot Limulus Amebocyte Lysate (LAL) 
“Pyrogent” assay (Lonza, Walkersville, MD, USA) is a qualitative method 
indicating the presence or absence of endotoxins in samples. This assay 
relies on an enzymatic pro-clotting cascade triggered by endotoxins, 
resulting in clot formation. The clotting assay, following the manufac- 
turer’s procedure, was conducted in reaction tubes (Lonza, N201). The 
positive control used was the commercial control standard endotoxin 
(Lonza, LT07-518). 

Cell Culture: The MDA-MB-231 cells (ATCC (HTB – 26)), were 
incubated at 37 ◦C/100 % Air, and cultured in Leibovitz’s L-15 medium 
supplemented with 10 % fetal bovine serum. The adherent cells were 
subcultured at about 80 % confluency using TrypLE Express solution 
(Gibco, 12,604,021). 

The MDA-MB-231 triple-negative breast cancer cells were chosen for this 
study because they are adherent cells that can directly interact with the 
SWNT platforms. Additionally, these cells are renowned for their 
aggressive phenotype and active functionality in terms of proliferation 
and morphology, making them ideal for evaluating changes in cell 
health and functionality among the substrate groups.  

Live/Death fluorescence assays: MDA-MB-231 cells were stained with 
1 μM Calcein AM and 2 μM Ethidium homodimer-1 for 45 min at room 
temperature in the dark (Invitrogen, Eugene (L3224)). Calcein AM 
indicated live cells (Ex/Em: 495/518 nm, green), while EthD-1 marked dead 
cells (Ex/Em: 528/617 nm, red). Multi-channel fluorescent images were 
captured using a Keyence microscope. 

Apoptosis fluorescence assay: FITC annexin V and Propidium iodide 
(PI) dyes (BD Biosciences, 556,547) marked apoptotic cells. Working 
solutions (20 μL of 1x Annexin V and 10 μL of 100 μg ml-1 PI per mL of 
annexin buffer) were added to the cells and incubated for 15 min at 
room temperature in the dark. FITC annexin V indicated early apoptosis 
(Ex/Em: 494/518 nm), while PI, binding to DNA, showed late apoptosis 
(Ex/Em: 535/617 nm). Multi-channel fluorescent images were captured 
using a Keyence microscope. 

Proliferation: MDA-MB-231 cell growth and proliferation on the 
different substrates were monitored at 8, 24, 48, 72 h by initially seeding 
a consistent cell density of 9 × 104 cell ml-1 in 2 ml per well. At each 
time point, triplicates per treatment group were detached, centrifuged, 
and resuspended in media with PI, 10 μL of 100 μg ml-1 PI per mL of 
annexin buffer. After a 5-min incubation with PI, flow cytometry 
assessed total and dead cell numbers. Results were normalized per 
substrate area to facilitate accurate comparisons between glass slides 
and treated six-well plates. 

Contact angle: The Rame-Hart instrument was calibrated using the 
Rame-Hart combo calibration kit. Nano-pure DI water droplets assessed 
sample hydrophilicity. Each droplet volume was 0.033 ml, with three 
consecutive droplets introduced before contact angle measurement. 
Optical images were taken before and after droplet placement, and 
DROPimage software (standard edition) was used for precise analysis. 
Before automatic angle identification, manual adjustment of three ROI 
indicators was performed: (i) a horizontal baseline for the sample sur- 
face, (ii) a rectangular area covering the entire droplet, and (iii) two 
vertical lines outside the selected rectangular area.  

Morphology: MDA-MB-231 cell morphology changes on substrates 
were assessed at 8, 24, and 48 h using elongation ratio and surface area 
profiles. A consistent seeding density of 8.5 × 104 cells ml-1 in 2 ml per 
well was maintained among the different substrates by triplicates. To 
determine cell surface area, actin staining was employed for enhanced 
contrast. At each time point, cells were fixed with 4 % para- 
formaldehyde, rinsed, and permeabilized with 0.3 % Triton X-100. 
ActinGreen 488 (Invitrogen (R37110)) was used for staining, and cells 
were imaged after 30 min of incubation. Three images in the center of 
the platform were captured for each triplicate, for the respective sub- 
strate. ImageJ was used to quantify the cell length, width, and area for 
further analysis. 

ImageJ analysis: The cell-count plugin quantified cellular length and 
width dimensions, calibrated with a known scale bar. The line tool 
manually measured the longest diameter and the longest perpendicular 
diameter to the elongation axis for each cell. Surface area analysis 
involved color thresholding and manual optimization of brightness pa- 
rameters. The magic wand tool outlined each cell, and the surface area 
was measured. 

MATLAB data analysis: Elongation ratio and cell surface distribu- 
tion profiles were determined using a loop script, which classified and 
counted the cells within specific ranges. 

Statistical analysis: Values represented the mean of three replicates 
and standard deviation (SD). Two-way ANOVA Tukey’s post hoc test 
using SAS was performed for experimental results. Significance levels: ns 
p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

3. Results and discussion 
 

3.1. Fabrication of biocompatible SWNT platform 
 

In our previously published method to immobilize SWNT on a glass 
substrate [24], the resulting platform was not sterile. Considering the 
delicate nature of the platform, high temperature, UV exposure, and 
organic solvents cannot be used to sterilize it postproduction. To assure 
the sterility of the SWNT at the end of the five-step procedure, various 
modifications needed to be performed. The second step of the platform 
production procedure, immersion in 3-glycidyloxypropyltrimethoxysi- 
lane (3-GPTMS) solution, results in sterility due to the high ethanol 
content in the 3-GPTMS (Fig. 1a). To retain sterility throughout the rest 
of the platform production process, custom stainless-steel boxes, auto- 
claved between each use, were utilized. These boxes provided many 
advantages, including the ability to withstand the high temperature and 
corrosive chemicals used during the platform production process while 
also ensuring the humidity, through the addition of sterile water, that is 
required, Fig. S1. 
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3.2. Sterility of the SWNT platform 
 

The sterility of the modified SWNT platform (SWNT) was evaluated 
through analysis of microbial, mycoplasma, and endotoxin contamina- 
tion after 72 h of incubation in media at 37 ◦C. The SWNT sterility was 
compared to the two control platforms, a sterile tissue culture treated 
plate (PLATE) to validate the sterility of the media, and an autoclaved 
glass slide (GLASS) to validate the sterility of the slide before the 
immobilization process and to show the impact of the glass base plat- 
forms as compared to the tissue culture treated plastic, on any con- 
taminants (Fig. 2). Bacterial, fungal, and yeast contamination can 
generally be detected through visual indicators, such as an increase in 
the turbidity or color changes in the media, which utilizes phenol red as 
an indicator of changes in pH. None of the three platforms had color 
changes, a cloudy appearance, or the development of turbid films 
(Fig. 2a). The presence of mycoplasma was assessed using Lonza’s 
MycoAlert assay, which detects enzymatic mycoplasma activity. Only 
the mycoplasma kit’s positive control showed a signal on the lumin- 
ometer, indicating the absence of mycoplasma contamination in the test 
conditions (Fig. 2b). Similarly, bacterial endotoxins were tested with the 
gel-clot LAL assay. No clotting was found for our three test conditions 
but was observed in the kit’s positive control sample, demonstrating that 
the test was conducted successfully, and the test samples are endotoxin- 
free (Fig. 2c). The absence of contamination detected by three different 
assays assures us that the new SWNT platform development process can 
be used for sterile tissue culture. 

 
 

3.3. Cytotoxicity of SWNT platforms on MDA-MB-231 
 

While previous in vitro studies have demonstrated the use of SWNT 
nanoarrays without notable toxicity [11,32], it is necessary to validate 
the lack of toxicity in our model since any small changes in platform 
development can alter how the surface interacts with cells. Determina- 
tion of whether the platform results in harmful effects on cells is espe- 
cially important for the development of sensors for reactive species to 
ensure that any detected analytes are a result of treatment conditions and 
not the cells’ interactions with the platform. We performed three 
viability assays on a triple negative breast cancer cell line, specifically 
MDA-MB-231, that was cultivated for 72 h on the SWNT, GLASS, and 
PLATE, two for cell viability, via fluorescent imaging and flow cytom- 
etry, and one to detect early stages of apoptosis, via fluorescent staining. 
The first cell viability assay was Invitrogen’s LIVE/DEAD fluorescent 
assay, which simultaneously stains live cells with calcein to detect 
enzymatic activity (green) and dead cells with the impermeable 
Ethidium homodimer-1, which can interact with nucleic acids (red) only 
after the rupture of the cellular membrane. As shown in the represen- 
tative fluorescence images in Fig. 3, there is a clear difference between 
the cells growing on the SWNT for over 72 h, which had very few dead 
cells (Fig. 3a and b), compared to the dead cell control group, which 
consisted of cells that were exposed to 70 % methanol after growing on 

the SWNT (Fig. 3c and d). The red/green cells in the images were 
counted by manual enumeration with ImageJ, the cells growing on the 
SWNT were healthy with a live population average of 99.6 % ± 0.2. We 
also analyzed cell viability by detaching cells from their platforms, 
adding fluorescent dyes, and quantifying the samples with flow 
cytometry (Fig. 3e) We found variations among the platforms in the 
percentage of live cells 8 h after seeding, with GLASS having a lower 
percent of live cells than SWNT, which was lower than PLATE. We 
suspect that this difference is a result of the initial cellular interactions 
with the respective platforms. But, starting 24 h after seeding, the live 
cell population remained comparable across the three platforms, with an 
average of 85 % live cells, showing that the interaction with SWNT did 
not contribute to an increase in cell death for at least 72 h.  

In addition to cell viability, we also looked for indicators of early and 
late-stage apoptosis through the use of fluorescent stains. Healthy cells 
show a lack of staining, early apoptotic cells are stained green by 
annexin, which binds to the externalized lipid phosphatidyl serine that is 
exposed during early apoptosis, and late apoptotic cells are stained red 
with propidium iodide (PI), which is internalized by cells that have a loss 
of cell membrane integrity [33]. Fluorescence and bright field imaging 
show that cells grown on SWNT for 72 h have a very small number of 
cells tagged with either phosphatidyl serine or PI, 2.67 % and 1.33 % 
respectively, as opposed to the control condition incubated with 70 % 
methanol, which shows 100 % of cells tagged with both phosphatidyl 
serine and PI. These results demonstrate a lack of early and late-stage 
apoptosis when cells are grown on the SWNT (Fig. 3f and g). 

 
3.4. Cell growth rate on the SWNT platform 

 
The rate of cell growth is an important characteristic for an in vitro 

platform. If cells on a new sensing platform grow at a significantly 
different rate than cells grown on the standard platform, it is possible 
that the sensors on the new platform will not accurately report the 
phenomena that is seen on the standard platform. Therefore, we studied 
the rate of triple negative breast cancer (MDA-MB-231) cell growth on 
SWNT and compared it to cell growth rates on GLASS and PLATE con- 
trols. Cell density was quantified on each substrate at 8, 24, and 48 h 
after seeding. At each time point, cells were imaged, detached from the 
substrate, centrifuged, resuspended with PI (a cell viability marker), and 
analyzed with flow cytometry. The cells continued growing on all three 
substrates for over 48 h (Fig. 4a). PLATE had consistently higher density 
due to cells’ preference for tissue culture-treated polystyrene over glass, 
while SWNT and GLASS displayed similar cell density for the first 24 h, 
SWNT showed a significant increase at 48 h, aligning with PLATE levels 
(Fig. 4b). Fig. 4c shows an increased dead cell density for PLATE, which 
is attributed to the overall increased density. Despite dead cell pro- 
portions being similar for the SWNT and GLASS over time, the number of live 
cells was greater for SWNT, implying a potentially higher viability. 
Overall, SWNT does not adversely affect cell viability compared to 
GLASS, but cell growth is reduced when compared to PLATE. 

 

 
 

Fig. 2. Sterility assessment of the SWNT after the modification in the multi-step immobilization process (a) Microbial contamination. (b) Mycoplasma, and (c) 
Endotoxin presence assays. 
P⋅C.: Positive control; N⋅C.: Negative Control. 
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Fig. 3. Viability assay of MDA-MB-231 (triple negative breast cancer) cells growing on the SWNT for 72 h. (a–d) Simultaneous live/dead cellular staining images, with 
live cells stained green (calcein) and dead cells stained red (ethidium homodimer-1). (a) Representative image of healthy cells growing on the SWNT, with arrows 
indicating a few dead cells. (b) Magnified view of (a). (c) Control cells treated with 70 % methanol for cell death induction. (d) Magnified view of (c). (e) 
Quantification of the live population over time using flow cytometry. Each experiment was performed in triplicate (n = 3) for the respective substrates, values 
represent the mean ± standard deviation, with p values calculated by two-way ANOVA Tukey’s post hoc test (ns p > 0.05, *p ≤ 0.05, ****p ≤ 0.0001). (f–g) Early/ 
late apoptosis staining images, early apoptotic cells were stained green (annexin), and late apoptotic cells were stained red  (PI). (f) Cells growing on the SWNT, 
arrows show only few cells presenting PI stain. (g) Apoptotic control cells treated with 70 % methanol. n = 3 for both healthy and apoptotic samples. Scale bar x = 

200 μm. 
 

Cell growth, involving initial attachment and subsequent prolifera- 
tion or growth phase (Fig. 4d), was assessed with an identical seeding 
density of 180 cells mm-2 for all substrates. During the attachment 
phase at 8 h, PLATE had the highest attachment (56 %), resulting in 100 
cells mm-2. Glass substrates had a lower initial attachment, with 22 % 

on SWNT (40 cells mm-2) and 17 % on GLASS (30 cells mm-2). These 
observations emphasize the surface properties’ impact on initial cell 
attachment. In the growth phase, the cell population for all the sub- 
strates doubled from 24 to 48 h, consistent with the literature’s reported 
doubling time of approximately 37 h [34]. The proliferation rate was 
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Fig. 4. Cell growth on SWNT. (a) Representative images of MDA-MB-231 breast cancer cell line cultured on various substrates for 48 h, (n = 9 for each substrate at 
each time point). Scale bar: 200 μm. (b–c) Quantification of the live (b) and dead (c) cell densities over time for the different substrate groups using flow cytometry. 
Dead cells were identified with PI. For each time point, the experiment was performed in triplicate (n = 3) for the respective substrates (n = 3). Values represent the 
mean ± standard deviation. p values were performed by two-way ANOVA Tukey’s post hoc test (ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 
(d) Proliferation rate of MDA-MB-231 cells on each substrate, quantified during the growth phase related to the doubling time from 24 to 48 h. 

 

determined by measuring the change in cell density over time during the 
growth phase. Proliferation rates revealed PLATE’s highest (3.44 cells 
mm-2 h-1), followed by SWNT (3.14 cells mm-2 h-1) surpassing GLASS 
(2.42 cells mm-2 h-1). SWNT’s chemical surface modification favored 
proliferation, resembling PLATE more than GLASS. 

Surface properties influence cell attachment and growth, with hy- 
drophilicity being a crucial parameter. Contact angle measurements 
were tested to validate the hypothesis of varying hydrophilicity levels 

among the platforms. The contact angles for the PLATE, SWNT, and 
GLASS were 74.7 ± 1.4◦, 43.3 ± 1.4◦, and 18.3 ± 0.7◦ respectively, 
where smaller angles represent higher hydrophilicity, Fig. S2. SWNT’s 
hydrophilicity lies between the levels for PLATE and GLASS, aligning 
with the observed cell attachment trend in Fig. 4. Additionally, surface 
coating or chemical groups on the surface cause pre-adsorption of media 
constituents and adhesive proteins, promoting cellular attachment and 
growth [35]. PLATE’s plasma treatment introduces functional groups 
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[36]. While SWNT’s favorable surface properties result from the multi- 
layer chemical deposition of amine, avidin, and biotinylated SWNT [37, 
38]. Previous studies have demonstrated that amine-modified surfaces 
lead to preferential cellular attachment due to the pre-adsorption of 
bovine serum albumin, supporting the observation that SWNT has higher 
cellular attachment than GLASS [35]. 

 
3.5. Morphology 

 
Cell morphology is a visible representation of a cell’s affinity for the 

substrate and cell’s health [39]. If the new sensing platform causes cells 
to exhibit altered morphologies compared to those exhibited when 
grown on the standard PLATE, it could correlate to altered cell function. 
Since the goal of the SWNT is to detect analytes released from cells, not 
to alter cell function, it is important to examine the impact of the SWNT 
on cell morphology. To evaluate the effect of the SWNT on cell 
morphology, the cell surface area and elongation ratio were determined 
on cell images taken at 8, 24, and 48 h post seeding. The elongation ratio 
(Equation 1) provides a method to compare cell length, defined as the 
longest cell diameter, and cell width, defined as the longest diameter of 
the cell perpendicular to the length measurement. A ratio close to 1 
indicates that the cells are rounded, with similar length and width 

 
dimensions, and higher ratios indicate that cells are spread out and have 
non-uniform leading edges. Images were analyzed with Image J to 
quantify the length (L) and width (W) of each cell. 

r = 
L

 
W 

Equation 1: Elongation ratio as a relationship of length (L), over 
width (W), the longest perpendicular diameters. 

The elongation distribution profiles for the three types of platforms 
were determined by calculating the percent of cells within specific 
elongation ratio intervals, 1–1.99, 2–2.99, and so on until 17–17.99 
(Fig. 5). At 8 h, the GLASS and SWNT conditions had a higher percentage 
of rounded cells represented by an elongation ratio of 1–1.99 (72 % and 
60 % respectively) compared to the PLATE (40 %). For the elongation 
ratios of 2 and higher, the percentage of cells for the PLATE was highest, 
followed by the SWNT, and lowest for the GLASS. These results show 
that the cells’ initial response to SWNT is between their response to the 
GLASS and the PLATE, cells do not adhere and spread as rapidly on the 
SWNT as they do on their preferred surface (PLATE), but they do adhere 
and spread faster on the SWNT than on the GLASS. Although the initial 
cell spreading on the GLASS was slower compared to the other plat- 
forms, at 24 h the elongation profiles of SWNT, GLASS, and PLATE were 

 

 
 

Fig. 5. (a) Elongation ratio distribution for MDA-MB-231 cells cultured on SWNT, GLASS, and PLATE substrates for 8, 24, and 48 h. For each time point, a different set 
of substrates was used (n = 9). The elongation ratios were sorted in ascending order and grouped into the respective elongation range. (b–c) Quantitative analysis of 
the elongation distribution using the exponential decay model for the different substrates over time. (b)Exponential decay model (blue) compared to the data (red). 
(c) Comparison of the exponential decay parameter average (λ) for the substrates over time (n = 3). All the values represent the mean ± standard deviation, p values 
were performed by two-way ANOVA Tukey’s post hoc test (ns p > 0.05, *p ≤ 0.05, ****p ≤ 0.0001). 
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comparable. By 48 h, a shift in the distribution of cell elongation was 
observed for all three platforms, with a decrease in the percent of 

 
Where : C 

1  
e 

(
A
) 

 
 
and λ = 

1
 

 
  

rounded cells and an increase in the distribution of elongated ratios. 0  B B 
Changes in the elongation ratio profiles are visually evident on the 

graphs, but in an attempt to quantify these changes, an exponential decay 
model was used to fit the data (Equation 2). While this model typically 
describes the decay rate over time “N(t)", in our morphological 

 
C(r) = 

1 
e 

B 

(
A-r 

)
 

analysis, it characterizes the rate of decrease in the percent of cells with 
the increase in elongation ratio “C(r)". Thus, the exponential decay 
parameter (λ) serves as an indicator of the elongation distribution for the 
different platforms. A higher l indicates a faster rate of decay, a sharper 
decline from rounded (ratio = 1) to elongated profiles (ratio ≥2), while a 
smaller (λ) represents a more uniform distribution of cell morphologies. 
Equation 2 represents the extended form of the exponential decay 
equation utilized to fit the model. To determine the position parameter 
(A) and scale parameter (B) needed for the model, we performed a 
Generalized Reduced Gradient (GRG) nonlinear method, which aims to 
find the best-fit parameters to minimize the difference between the 
model and the actual data points. The model was able to fit the data 
collected for each of the three platforms at each of the different time 
points (Fig. 5b–S3). 
N(t) = N e-λt = C(r) = C e-λr 

Equation 2: Adaptation of the exponential decay model to the 
morphological application. N(t) is the decrease in quantity N 0 at a 
constant decay average rate λ over time. Translated into the morpho- 
logical model C(r) is the decrease in cell count (C0) at a constant decay 
average rate (λ) over the elongation ratio range (r). 

Comparing λ from the exponential decay equation for each of the 
platforms (Fig. 5c.) shows that λPLATE was smaller than λSWNT, and λSWNT 
was smaller than λGLASS, (λGLASS > λSWNT > λPLATE) at the 8 h time point, 
which represents a sharper decline from rounded (ratio = 1) to elon- 
gated profiles (ratio ≥2) for GLASS compared to SWNT and PLATE. This 
information shows that at the 8 h time point the PLATE condition has a 
much more even distribution of elongated and rounded cells, compared 
to the glass-based platforms which have a higher percentage of rounded 
cells. Although the initial cell attachment and spreading on the SWNT is 
similar to those on the GLASS, cells on the SWNT still demonstrated a 

0 0 higher percentage of elongated cells compared to the GLASS. By the 24 h 

 

 
Fig. 6. Morphology analysis based on surface area. (a) Representative image showing the perpendicular extensions of MDA-MB-231 (triple negative breast cancer) cells. 
(b) Surface area distribution for MDA-MB-231 cells cultured on SWNT compared with that on GLASS and PLATE for 8 h, 24 h, and 48 h (n = 9). The cells’ surface area 

B 

B 
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was sorted in ascending order and grouped into the respective area range. (c) Average cell area over time for each substrate (n = 3). All the values represent the 
mean ± standard deviation, p values were performed by two-way ANOVA Tukey’s post hoc test (ns p > 0.05, *p ≤ 0.05). 



I. Acosta-Ramirez et al. Analytical Biochemistry 693 (2024) 115582 

10 

 

 

 

and 48 h time points, cells have successfully attached to the surface, and 
the morphological data represents the interaction of the cells with the 
surface, eliminating the influence of variations from the initial cell 
attachment. At these timepoints, the cells on all three platforms have 
similar elongation profiles, with the λSWNT, λGLASS, and λPLATE showing no 
statistical differences, indicating that SWNT does not alter cell 
morphology compared to the control platforms. These findings are 
consistent with the observed results in the elongation distribution pro- 
files presented in Fig. 5 a, SWNT does not alter cell morphology 
compared to the control platforms. 

While elongation ratio analysis is commonly used, the MDA-MB- 
231’s unique shape led to some instances where elongation ratios sug- 
gested a circular morphology in elongated cells with perpendicular ex- 
tensions from the cell body (Fig. 6a). Therefore, we sought to further 
validate the data by quantifying the surface area of the cells. Cell surface 
area distribution profiles were determined by classifying the percentage 
of cells within defined area ranges (Fig. 6b). A comparison of the average 
surface area of cells for each time point was determined to allow for 
statistical analysis of differences between the cell surface area on the 
three platforms (Fig. 6c). 

Rounded cells display a smaller surface area compared to elongated 
cells, therefore it is not surprising that at the 8 h time point the PLATE 
condition, which had higher elongation ratios compared to the other two 
platforms, had significantly higher cell surface areas. The surface area 
analysis shows that the SWNT had significantly higher values than 
GLASS, bringing the SWNT condition closer to that seen for the PLATE, 
the same as what is seen in the elongation ratios (Fig. 6b and c). Cell 
spreading is noticeable at 24 h among all the substrates, with fewer 
rounded cells in the 0–300 μm2 range, and a greater cell percentage in 
higher surface areas. After the cell doubling time, a new population of 
rounded cells is represented at 48 h, leading to a more uniform size 
distribution with no significant difference among the substrates (Fig. 6b 
and c). 

The trends in attachment and elongation seen among the substrates 
align with the proliferation rates in Fig. 4, which is consistent with the 
literature describing cell adhesion as the foundation for cell prolifera- 
tion [39]. Multiple factors contribute to improved cell spreading and 
adhesion on SWNT compared to GLASS, the topographic structure of 
carbon nanotubes has demonstrated enhanced cell interactions in diverse 
scaffolds [40,41]. This feature is primarily attributed to the pronounced 
aspect ratio of SWNT [42,43], and to the graphene surface inner cavities 
that mimic the extracellular matrix porosity and favor the adsorption of 
cell-secreted adhesive proteins and other biomolecules [42,44]. These 
findings suggest that the SWNT promotes cell spreading through a 
combination of chemical and physical factors including structural 
properties. 

 
4. Conclusion 

 
In summary, we re-designed the multi-step process for immobilizing 

carbon nanotubes to a glass substrate to create a sterile platform that can 
be used in vitro. We also performed an in-depth investigation on the 
impact of the SWNT on cells. The newly developed protocol results in a 
sterile SWNT platform that does not show any significant cytotoxic 
events for at least 72 h. The proliferation and morphology profiles of 
cells growing on the SWNT were comparable to that of cells growing on 
tissue culture-treated plates, despite the lower initial cell attachment rate 
of the cells on SWNT. Overall, our study provides compelling evi- dence 
that the glass-based carbon nanotube platform favors cell health and 
function. The even nanotube distribution of this biocompatible sensorial  
platform represents a crucial step toward expanding our spatial and 
temporal understanding of extracellular analytes in cellular 
communication [11]. 
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