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Purpose: To study the effect of cellulose nanofiber (CNF)-shelled perfluoropentane (PFP) droplets on the cell viability of 4T1 breast 
cancer cells with or without the addition of non-encapsulated paclitaxel.
Methods: The CNF-shelled PFP droplets were produced by mixing a CNF suspension and PFP using a homogenizer. The volume size 
distribution and concentration of CNF-shelled PFP droplets were estimated from images taken with an optical microscope and 
analyzed using Fiji software and an in-house Matlab script. The thermal stability was qualitatively assessed by comparing the size 
distribution and concentration of CNF-shelled PFP droplets at room temperature (~22°) and 37°C. The cell viability of 4T1 cells was 
measured using a 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide (MTT) assay. Additionally, a hemolysis assay was 
performed to assess blood compatibility of CNF-shelled PFP droplets.
Results: The droplet diameter and concentration of CNF-shelled PFP droplets decreased after 48 hours at both room temperature and 
37°C. In addition, the decrease in concentration was more significant at 37°C, from 3.50 ± 0.64×106 droplets/mL to 1.94 ± 0.10×106 

droplets/mL, than at room temperature, from 3.65 ± 0.29×106 droplets/mL to 2.56 ± 0.22×106 droplets/mL. The 4T1 cell viability 
decreased with increased exposure time and concentration of paclitaxel, but it was not affected by the presence of CNF-shelled PFP 
droplets. No hemolysis was observed at any concentration of CNF-shelled PFP droplets.
Conclusion: CNF-shelled PFP droplets have the potential to be applied as drug carriers in ultrasound-mediated therapy.
Keywords: cell viability, ultrasound-mediated therapy, paclitaxel, cellulose nanofibers, biocompatibility, 4T1, Pickering emulsion

Introduction
Gas-filled microbubbles have been utilized in ultrasound-mediated diagnostics and therapy since the 1990s. Several 
different commercial products are available, such as SonoVue1 and Optison,2 that have been widely used for imaging of 
the heart, blood vessels, kidneys, and liver.3 In 1999, Kripfgans et al discovered a phenomenon called acoustic droplet 
vaporization, where liquid-filled droplets are converted to gas-filled microbubbles by means of ultrasound exposure 
below a specific peak negative pressure.4 This discovery has led to the development of phase-change contrast agents that 
have enabled novel clinical applications such as localized drug delivery, embolotherapy, oxygen delivery, photodynamic 
therapy, and histotripsy.5–10 The liquid core of phase-changing contrast agents has an increased stability compared to gas- 
filled microbubbles during circulation in blood and during storage.11 These droplets have the potential to act as drug 
delivery facilitators through stable and inertial cavitation induced by ultrasound.12–14 However, the stability of phase- 
change contrast agents may be further improved to match the stability of solid core contrast agents.15

Paclitaxel is a hydrophobic molecule derived from Pacific yew Taxus brevifolia that was first approved by the US 
Food and Drug Administration for treatment of ovarian and breast cancer in 1992.16–19 However, the drug’s hydro-
phobicity makes efficient drug delivery of paclitaxel challenging.20 In addition, commercial formulation of paclitaxel for 
intravenous administration is based on ethanol and Cremaphor EL (1:1) as solvent combination, which has been shown to 
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cause side effects such as hypersensitivity in patients.16,21 Therefore, novel drug delivery systems that would increase the 
pharmaceutical efficiency of paclitaxel while decreasing the side effects are desirable.

Pickering emulsions, which are stabilized by solid particles instead of surfactants, were discovered at the beginning of 
the 20th century.22,23 Pickering emulsions are much more stable than emulsions stabilized by surfactants due to the high 
desorption energies required to remove the particles from the interface between two immiscible liquids.24 Liquid-filled 
capsules stabilized via a Pickering mechanism could further enhance the stability of phase change ultrasound contrast 
agents.

Recently, perfluoropentane (PFP) droplets stabilized by cellulose nanofibers (CNFs) were developed by Ghorbani 
et al.11 The acoustic and mechanical properties of these droplets have been studied both in numerical and experimental 
studies;25–27 however, the biological compatibility of these droplets is still unknown. The aim of this work was to study 
the effect of CNF-shelled PFP droplets on cancer cell viability, using murine breast cancer cell line 4T1 as a model. 
Firstly, thermal tests were performed to study how temperature affects the size distribution and concentration of CNF- 
shelled PFP droplets. Secondly, the impact of paclitaxel concentration and exposure time on 4T1 cell viability 
was investigated over a range of different concentrations. Thirdly, a hemolysis test was performed to investigate the in- 
blood safety of CNF-shelled PFP droplets. Finally, the effect of CNF-shelled PFP droplets with or without the presence 
of non-encapsulated paclitaxel on the cell viability was studied. This case study gives insight into the biocompatibility of 
CNF-shelled PFP droplets and provides the evidence to support their biological application.

Materials and Methods
Materials
Bleached sulfite pulp, kindly donated by Nordic Paper Seffle AB, Säffle, Sweden, was used for the production of CNFs. 
A 1.3 wt% cationic CNF suspension was manufactured from the bleached pulp as described elsewhere.28,29 In short, the 
bleached sulfite pulp reacted with glycidyltrimethylammonium chloride (epoxypropyltrimethylammonium chloride) at 
a reaction temperature that was first gradually increased from 40°C to 50°C during 1 hour and then maintained at 50°C 
for 1 hour. A 0.35 wt% cationic CNF suspension was produced by diluting the 1.3 wt% stock suspension with Milli-Q 
water and sonicating it using a 1/2 in. tip and Sonics Vibracell W750 (Sonics and Materials Inc., Newton, CT, US) for 
1 minute at 90% amplitude. PFP (99% purity) was purchased from Apollo Scientific (Stockport, United Kingdom). 
Paclitaxel (99.5+%) was purchased from Thermo Fisher Scientific (Massachusetts, US.).

Droplet Production
Droplets were manufactured using a similar approach as described elsewhere.11 In short, 1 g of PFP was mixed with 36.1 
g of 0.35 wt% cationic CNF suspension (pH of CNF suspension was 10.5) via mechanical agitation. The suspension was 
mixed using an Ultra-Turrax (IKA Werke GmbH, Staufen, Germany) in combination with a 25 N - 8 G Dispersing Tool 
which was used for 90 seconds at maximum speed (~25,000 rpm). After production, the mother droplet suspension was 
diluted in Milli-Q in 1:4 ratio and centrifuged at 1000 rpm for 5 minutes. Lastly, the supernatant was removed and Milli- 
Q water added. A schematic illustration showing the droplet production process is presented in Figure 1.

Figure 1 A schematic illustration of droplet production.
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Droplet Characterization
Optical Microscopy
The number and volume size distributions and concentration were determined by using an optical microscope (Eclipse 
Ni-E, Nikon Corporation, Japan) and a sCMOS Andor Zyla 4.2 camera (Andor Instruments, Belfast, UK). The droplets 
were introduced into a Neubauer counting chamber and left to form sediment for 25 minutes before imaging to allow for 
droplets and potential gas-filled bubbles to separate to different imaging planes. The volume size distribution and 
concentration of droplets were calculated based on droplets located at the bottom of the Neubauer counting chamber. 
A 10x magnification objective (Nikon Corporation, Japan) was used when measuring the concentration, and a 20x 
magnification objective (Nikon Corporation, Japan) for determining the volume size distribution. Images were later 
processed using Fiji software (v1.53q),30 and the final figures and data were calculated using an in-house Matlab script. 
The polydispersity index (PDI) for each sample of CNF-shelled PFP droplets was calculated from the number size 
distribution as the ratio between the standard deviation of the droplet diameter distribution σ and mean diameter 
D squared:

Field Emission Scanning Electron Microscopy (FESEM)
A drop of the centrifuged suspension of CNF-shelled PFP droplets was dropped on top of Si wafers, allowed to dry at 
ambient conditions in the room, and lastly spur-coated (Cressington 208HR sputter coater) with a Cr coating for 60 
seconds prior to imaging. A Hitachi SEM S-4800 (Japan) at an accelerating voltage of 1 kV was used.

Fourier-Transform Infrared Spectroscopy (FTIR)
Fourier-transform infrared spectroscopy (FTIR) spectra were obtained for 0.35 wt% CNF suspension and CNF-shelled 
PFP droplets using a PerkinElmer Spectrum 100 instrument equipped with an ATR accessory. A drop of each sample was 
put on a cover glass and dried at 40°C for at least 24 hours before measurement. Then, the dried sample was scraped 
off using a scalpel and put in the instrument. The measurements were performed at a scanning rate of 1 cm−1 at 
a resolution of 4 cm–1. The absorbance was measured 16 consecutive times between 600 and 4000 cm–1. All measure-
ments were performed at room temperature (~22°C).

Thermal Tests
The volume size distribution and concentrations of droplets at temperatures relevant for cell studies were tested and 
compared to the volume size distribution and concentration at room temperature (~22°C). Droplets were produced and 
stored in the refrigerator at 8°C for 24 hours. Afterwards, the sample was divided into two vials: one that was left at room 
temperature, and one that was put in an incubator at 37°C. The host medium during the thermal tests was MilliQ water. 
The volume size distribution and concentration before and after the thermal exposure were measured and analyzed 
according to the scheme described earlier in this manuscript. In addition, images were taken of the mother suspension 
immediately after production, 24 hours after production, and 72 hours after production, respectively. The times were 
chosen to correspond to time points in cell viability tests.

Cell Culture
Triple negative murine breast cancer cells 4T1 were purchased from ATCC (Catalog No. CRL-2539) and cultured in 
RPMI 1640 (Gibco; Catalog No. 72400) supplemented with 10% fetal bovine serum (FBS; ThermoFisher; Catalog 
No. 10500064) and 1% penicillin (100 U/mL)-streptomycin (0.1 mg/mL) (Sigma-Aldrich; Catalog No. P4333) at 5% 
CO2 under 37°C. Cells with passage number ≤ 10 were used for the subsequent experiments.

Hemolysis Assay
Hemolysis assay was performed to evaluate blood compatibility. Mouse whole blood was collected by cardiac puncture 
and stabilized. 2 mL of whole blood sample was diluted with 4 mL phosphate-buffered saline (PBS) and red blood cells 
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(RBCs) were isolated after centrifugation at 10,000 g for 5 min. After washing five times with 10 mL PBS, the RBCs 
were resuspended with 20 mL PBS. 0.2 mL RBC suspension was mixed with 0.8 mL of the droplets PBS suspension at 
a concentration of 300, 600, 900 droplets/mL to make the final droplets concentration 240, 480, 720 droplets/mL, 
distilled water was positive group, and PBS was negative group. Every group had four repeats. After incubation at room 
temperature for 4 h and centrifugation for 5 min at 10,000 g, 100 μL of the supernatant was transferred to a 96-well plate 
and the absorbance was measured by a microplate reader at 577 nm with 655 nm as a reference. The hemolysis % was 
calculated using the following formula:

Hemolysis ratio = (ODtest – ODnegative control)/(ODpositive control – ODnegative control) × 100%

Cell Viability
The effect of paclitaxel, droplets, and a combination of them on 4T1 cells was determined through cell viability tests. The 
cells were then counted using Trypan Blue and a Bürker counting chamber and resuspended in cell medium at a cell 
density of 5.0×104 cells/mL. Finally, 100 µL cell suspension containing 5.0×103 cells/well were seeded in a 96-well plate 
(Corning Costar, USA).

Firstly, the effect of varying drug concentrations and exposure times was studied. For this, dimethyl sulfoxide 
(DMSO) dissolved paclitaxel was further diluted in cell culture medium at the final concentrations of 100 nM, 50 nM, 
25 nM, 12.5 nM, 6.25 nM, 3.125 nM, and 1.56 nM, respectively. The cells were exposed to paclitaxel at different 
concentrations for 24 and 48 hours. To measure cell viability, the cell medium was removed and 10 µL of 
a 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide (MTT) reagent (5 mg/mL) was added to each well, left 
to react for 4 hours, and carefully removed. 100 µL of DMSO was added to each well to dissolve the formazan, and after 
10 minutes’ shaking the absorbance was measured at 570 nm using a spectrophotometer (SpectraMax i3x, Molecular 
Devices, CA, USA). The absorbance values were normalized in relation to the mean absorbance values of the control 
group without paclitaxel treatment.

Secondly, the effect of droplets on 4T1 cell viability without the addition of paclitaxel was studied. The number of 
droplets added to each well was chosen to be such that the total volume of these droplets would be equal to the volume of 
paclitaxel added to reach 50 nM working concentration in 100 µL. The molar volume of paclitaxel is 610.5 mL,31 and 
therefore the drug volume per well was 3.05 pL. The number of droplets that was added to each cell well was chosen so 
that it would be similar to the volume taken up by paclitaxel. Therefore, 24 droplets were added per well. In addition, the 
double (48 droplets per well) and triple (72 droplets per well) amount of that was also studied to see whether an increased 
number of droplets would affect the cell viability.

Lastly, a combination of droplets and non-encapsulated paclitaxel was investigated to study any potential interaction 
on 4T1 cell viability. DMSO vehicle group was included as control. 48 hours after treatment, cell viability was measured 
using MTT assay as described previously.

Statistical Analysis
RStudio (Version 1.4.1106, Posit), an open-source software for statistical analysis, was used for statistical analysis of data. 
After thermal tests, statistical analysis was performed on data-points for number size distribution. Shapiro–Wilk test was 
chosen to test for normality. If the data did not follow a Gaussian distribution according to the Shapiro–Wilk test (ie, if the null 
hypothesis was rejected), an unpaired Wilcoxon test was performed to determine whether the samples of different groups were 
equal. Three comparisons were made: droplets at room temperature before and after exposure, droplets at 37°C before and 
after exposure, and droplets after exposure to room temperature or 37°C. An unpaired test was chosen, as we did not track the 
size of individual droplets, but rather of the two samples as a whole. A significance level of 0.05 was chosen for all tests.

For cell viability data, a linear regression model was applied to investigate the effect of concentration of droplets X1, 
presence or absence of paclitaxel X2, and their potential interaction X1:X2 on cell viability Y:

Y = β0 + β1 X1 + β2 X2 + β3 X1: X2 + ε
where ε is the estimated error of the function. First, the regression analysis was performed on original data. To 

accommodate for potential nonlinear effect, the model was also run where the different concentrations of CNF-shelled 
PFP droplets were considered as factors instead of continuous variables. These two analyses were performed both before 
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and after rank transformation of the measured absorbance values, as recommended by Conover.32 In total, four tests were 
performed: ordinary linear regression, droplet concentration considered as a factor variable, rank transformation 
performed on cell viability data, and rank transformation in combination with droplet concentration considered as 
a factor variable. The influence of DMSO on 4T1 cell viability was tested using an unpaired Wilcoxon test. 
A significance level of 0.05 was chosen for all tests.

Results
Droplet Characterization
The surface morphology of CNF-shelled PFP droplets was examined using FESEM. Figure 2A shows the FESEM image 
that displays individual fibers on the surface of collapsed droplets. The FTIR spectra of neat CNF and CNF-shelled PFP 
droplets is presented in Figure 2B and C. Two bands were observed for both samples at 3340 and 2890 cm−1, 
corresponding to the stretching vibration of O-H and asymmetric stretching vibration of C-H, respectively.33 The band 
of CNF (red) and CNF-shelled PFP droplets (blue) at around 1050 correspond to pyranose ring ether band of cellulose,34 

and is similar to previous work by Svagan et al utilizing the same CNF.28 The new band present in the spectrum of CNF- 
shelled PFP droplets (blue) between 1100 and 1300 cm−1 compared to the pure CNF spectrum is due to PFP.35,36

Thermal Tests
Droplet stability was studied during storage in refrigerator (8°C), at room temperature (~22°C), and at a physiologically relevant 
temperature (37°C). In addition, the mother suspension (non-centrifuged) kept in the refrigerator at 8°C was photographed 
immediately after droplet production, and after 24 and 72 hours. The images of the mother suspension are presented in Figure 3.

As can be seen in Figure 3A, immediately after production the suspension was completely homogenous, with only 
a few larger bubbles present. After 24 hours, a foam started to form on top of the suspension, containing many gas-filled 
bubbles with diameters of several millimeters. The foam increased in size over time, with an increase of both the size of 
the bubbles and the number of bubbles, as can be seen in Figure 3C.

The volume size distribution and concentration of CNF-shelled PFP droplets were investigated by using an optical 
microscope and a Neubauer counting chamber. Images were taken at two imaging planes to study whether droplets 
formed sediment at the bottom of the chamber or not. As shown in Figure 4, most of the droplets were located in the 
same focus plane as the grid, thus they did form sediment. However, some individual droplets did float at a higher 
imaging plane even after the sample was left for 25 minutes after injection into the chamber (Figure 4B).

Figure 2 (A) An FESEM image of collapsed CNF-shelled PFP droplets; (B) full FTIR spectrum of dried CNF and CNF-shelled PFP droplets, and (C) zoomed-in FTIR 
spectrum between 600 and 2000 cm−1.
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The volume size distribution and concentration of droplets were calculated based on droplets located at the bottom of 
the Neubauer counting chamber. The concentration was the same for both groups before the measurement started (3.65 ± 
0.29×106 droplets/mL and 3.50 ± 0.64×106 droplets/mL at room temperature and in the incubator, respectively). The 
concentration decreased after 48 hours for both groups, but it decreased more for droplets stored at 37°C (1.94 ± 
0.10×106 droplets/mL) compared to droplets stored at room temperature (2.56 ± 0.22×106 droplets/mL). It is worth 
noting that more than half of the initial droplets were still observed after 48 hours in both groups.

The number and volume size distributions for droplets are presented in Figure 5 and Table 1. The number of droplets 
included in the measurement of size distributions before and after exposure to room temperature for 48 hours was 1601 and 
1057, respectively. At 37°C, the number of droplets that were included in the measurement before and after exposure was 
1387 and 684, respectively. The droplet size decreased after 48 hours for both groups. For droplets exposed to room 
temperature, the average volume diameter decreased from 15.0 ± 5.5 µm to 13.6 ± 5.6 µm; for droplets in the incubator at 
37°C, the size changed from 14.4 ± 5.3 µm to 12.8 ± 4.9 µm. The corresponding change in PDI, calculated from the number 
size distribution for each sample at room temperature and at 37°C was from 0.41 to 0.35 and from 0.39 to 0.38, respectively. 
The Shapiro–Wilk test showed that the size distribution data did not have a Gaussian distribution at any temperature nor 
time-point. The decrease in droplet diameter was statistically significant at both room temperature (p = 0.01415 < 0.05) and 
at 37°C (p = 0.002713 < 0.05). However, there was no statistically significant difference in size distributions after 48 hours 
(p = 0.2063 > 0.05).

Figure 3 Droplet suspension (not centrifuged) (A) immediately after production, (B) 24 hours and (C) 72 hours after production. A visible foam formed on top of the 
suspension, showing coalescing in the suspension.

Figure 4 Droplets in the Neubauer counting chamber 25 minutes after introduction. (A) Most of the droplets are in the same imaging plane as the grid, signifying that they 
are located at the bottom of the chamber, but (B) some droplets (marked with red arrows) are located at a higher imaging plane.
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Figure 5 The volume size distribution of CNF-shelled PFP droplets (A) at room temperature before and (B) at room temperature after 48 hours of exposure, and (C) at 
37°C before and (D) at 37°C after 48 hours of exposure. In addition, the number size distribution of CNF-shelled PFP droplets is presented: (E) at room temperature 
before exposure, and (F) at room temperature after 48 hours; (G) at 37°C before, and (H) at 37°C after 48 hours of exposure.
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Biocompatibility
Figure 6 presents the results from hemolysis assay and 4T1 cell viability tests. As can be seen in Figure 6A, only the 
positive control (water) caused significant hemolysis of RBCs. The effects of paclitaxel, DMSO, and droplets on cell 
viability of 4T1 cells were studied (Figure 6B-E). As shown in Figure 6B, the cell viability decreased when paclitaxel 
concentration increased from 1.56 nM to 100 nM. In addition, the cell viability was lower at all concentrations except the 
two lowest concentrations after 48 hours’ treatment compared to 24 hours’ treatment. No significant cell toxicity was 
observed in DMSO vehicle group (Figure 6C) at 48 hours, which contained equal amount of DMSO as 100 nM paclitaxel 
treatment group. Four different linear regression models were applied to the 4T1 cell viability data to investigate the 
effects of CNF-shelled PFP droplets, paclitaxel, and any potential interactions between them. Only paclitaxel showed 
a statistically significant influence on 4T1 cell viability with a decrease of 38% compared to the control, as can be seen in 
Figure 6E. No further decrease in cell viability was observed when CNF-shelled PFP droplets were added in addition to 
paclitaxel at any concentration. Without the addition of paclitaxel, 4T1 cell viability increased at the lowest droplet 
concentration of 24 droplets per well compared to the control group (p = 0.0443 < 0.05) when droplet concentration was 
considered a factor variable; however, this increase was no longer statistically significant after rank transformation (p = 
0.132 > 0.05). Thus, it can be concluded that CNF-shelled PFP droplets did not have an effect on 4T1 cell viability at any 
concentration.

Discussion
Thermal tests were performed to study the change in volume size distribution of droplets over time at different tempera-
tures. Previous studies have shown that CNF-shelled PFP droplets are stabilized via a Pickering mechanism.11 Figure 2A 
shows that similarly to the previous work by Ghorbani et al11 and Loskutova et al,27 CNFs act as a stabilizing agent as they 
form a coherent layer on the surface of the droplets. The initial droplet size of the produced emulsion is determined by the 
energy density, ie, energy dissipated per unit volume of the processed mixture, with an increase in energy output decreasing 
the size of produced droplets.37–40 Abismaïl et al showed that the droplet size was significantly smaller when an ultrasound 
homogenizer was used compared to an Ultra-Turrax due to less heat loss.38 A similar trend was observed by Wang et al 
when oil-in-water emulsions were prepared by either low-energy Ultra-Turrax or a high-pressure homogenizer,41 which is 
another high-energy method for emulsification similar to an ultrasonic homogenizer.42 This is in line with our observations, 
as CNF-shelled PFP droplets produced by Ultra-Turrax had a larger diameter than droplets developed by Ghorbani et al 
who utilized ultrasonication for mixing.11 The foam formation as shown in Figure 3 was not observed when CNF-shelled 
PFP droplets were produced by ultrasonication in a previous study, where droplets remained stable for up to a month.11 

Kalashnikova et al showed that Pickering emulsions with cellulose nanocrystals as stabilizing particles could be stable even 
for several months.43 The foam formation in CNF-shelled PFP droplets produced by Ultra-Turrax may be due to less 
homogenous dispersion of the CNFs during production compared to if ultrasonication was used, resulting in a lower surface 
coverage and decreased emulsion stability. In addition, previous work has shown that the size and stability of Pickering 
emulsions are dependent on the size of the stabilizing particle.44–46 Lee et al showed that the fiber size of TEMPO-oxidized 

Table 1 The Number and Volume Size Distributions of CNF-Shelled PFP Droplets Exposed to 
Room or Physiological Temperature (22 or 37°C, respectively). The Numbers Presented Here 
are the Mean and Standard Deviation for Each Size Distribution

Number Size Distribution Volume Size Distribution

Before After 48 Hours Before After 48 Hours

Room temperature 6.9 ± 4.4 µm 6.6 ± 3.9 µm 15.0 ± 5.5 µm 13.6 ± 5.6 µm

37°C 6.7 ± 4.2 µm 6.0 ± 3.7 µm 14.4 ± 5.3 µm 12.8 ± 4.9 µm

Abbreviations: CNF, cellulose nanofibers; PFP, perfluoropentane; MTT, 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazo-
lium bromide; DMSO, dimethyl sulfoxide; FESEM, field emission scanning electron microscopy; FTIR, Fourier-transform 
infrared spectroscopy; RBC, red blood cell; PBS, phosphate-buffered saline.
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CNF decreased with increased sonication time of the fibers.47 This indicates that the CNF particles in this study could be 
larger than when ultrasonication was used by Ghorbani et al,11 decreasing their stabilizing properties.

When thermal tests were performed on droplets in this study, it was observed that the droplet diameter decreased with 
increasing temperature after 48 hours (Figures 5A-D). While the size distribution and polydispersity of the sample 
produced by Ghorbani et al increased with increasing temperature,11 CNF-shelled PFP droplets produced in this study 
had the opposite effect. The decrease in size observed in Figures 5A-D is due to coalescence and later collapse of larger 
droplets, whilst smaller droplets with a diameter of below 15 µm remained in the sample. After droplets’ collapse, PFP is 
evaporated due to the low boiling temperature at ambient pressure (29°C).5 This can be supported by the decrease in 
droplet concentration observed at both room temperature and 37°C, and a more significant decrease when droplets were 
exposed to a higher temperature.

Figure 6 (A) Hemolysis ratio after exposure to positive control (PBS), negative control (water) or CNF-shelled PFP droplets. Only negative control caused visible 
hemolysis. (B-E) Cell viability of 4T1 cells when studying the effect of (B) paclitaxel concentration and exposure time; (C) DMSO; (D) presence of droplets (where 1x, 2x 
and 3x are equal to 24, 48 and 72 droplets per well, respectively); and (E) combination of droplets and drug in each well. The cell viability decreased from 100% to 62% ± 6% 
in 50 nM paclitaxel treatment group; however, no additional significant decrease in cell viability was observed when CNF-shelled droplets were added. * p < 0.05.
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As the average diameter of a droplet was determined to be between 14.4 and 15.0 µm (Figure 5), the average volume 
of a droplet is between 1.56 and 1.77 pL. Therefore, 24, 48, and 72 droplets per well correspond to a total volume of 
37.44 to 42.48, 74.88 to 84.96, and 112.32 to 127.44 pL, respectively. This is 12 to 42 times higher than the volume taken 
up by the paclitaxel when a 50 nM solution is added to the cell well.

The effect of paclitaxel, droplets and a combination of both on 4T1 cell viability were studied. As can be seen in 
Figure 6B, cell viability of 4T1 cells decreased with increasing drug concentration from 1.56 to 100 nM. Additionally, cell 
viability was lower after 48 hours compared to an exposure time of 24 hours, with the exception of the two lowest 
concentrations of 1.56 and 3.125 nM. The cell viability was always above 60% even at the highest concentration of 
paclitaxel, but with a longer exposure time the cell viability decreased to as low as 27%. The half maximal inhibitory 
concentration IC50 was between 12.5 and 25 nM at an exposure time of 48 hours, as can be seen in Figure 6B. Previous 
studies have shown that IC50 of paclitaxel on 4T1 cells was between 2.06 and 43 µM if the exposure time was 8 hours.48–50 

In the work conducted by Liebmann et al, IC50 decreased to between 2.5 and 7.5 nM for HeLa, A549, MCF-7, U373, and 
HT-29 cell lines when the exposure time was increased to 24 hours.51 This trend was also observed by Georgiadis et al, with 
the IC50 decreasing as the exposure time increased when the cytotoxicity of paclitaxel was tested in vitro on 28 human lung 
cancer cell lines.52 Worth noting is that Liebmann et al showed that non-proliferating cells were markedly more resistant to 
paclitaxel than cells growing exponentially.51 The reason for this is that paclitaxel works by stabilizing the microtubules and 
blocking the cell cycle, thus causing cell death.16

Many different parameters can influence the toxicity of micro- and nanodroplets, such as material properties, shape, 
size, and phase of the core. The two droplet components that may have a cytotoxic effect is the cationic CNFs and PFP. 
Previous studies have estimated the volume fraction of CNF to be between 1.5% and 8.8%27 and the density of CNFs to 
be 1.5 g/cm3.53 Therefore, the volume of CNF present in 72 droplets should be between 1.68 and 11.21 pL, or between 
2.53 and 16.82 ng. Since the volume in each well was 100 µL, this gives a maximum CNF concentration of between 25.3 
and 168.2 ng/mL. Both the maximum concentration of CNF present in our solution and the total volume of the droplets 
was low, which should be taken into account when considering the possible effect on cell viability.

PFP has been extensively used as core material in drug carriers for ultrasound-mediated drug delivery as it is 
biocompatible and biodegradable.5,11,54,55 CNF, on the other hand, has shown different levels of toxicity depending on 
the concentration of fibers, particle size and shape, and surface charge and chemistry.56 Čolić et al reported that non- 
chemically treated CNFs did not induce any cytotoxicity or oxidative stress at any concentration of CNFs (31.25 µg/ 
mL – 1 mg/mL) for L929 cells, nor induced necrosis or apoptosis in thymocytes and human peripheral blood mono-
nuclear cells.57 When the effect of surface modification of wood-derived CNFs on three different cell types (human 
dermal fibroblasts, lung MRC-5 cells and THP-1 macrophage cells) was studied by Lopes et al, the results showed that 
there was no cytotoxic effect associated with the exposure to unmodified, carboxymethylated and hydroxypropyltri-
methylammonium-modified nanofibrillated cellulose.58 Malmir et al and Abolghasemzade et al showed that bacterial 
cellulose could even be used in nanocomposites in combination with carbon quantum dots and titanium dioxide 
nanoparticles, or carbon quantum dots, silica nanoparticles, and silk fibroin, respectively, due to its low cytotoxicity 
and antibacterial properties.59,60 However, it is important to note that the focus of this study is the potential toxic impact 
of CNF-shelled droplets and not individual fibers, and therefore other aspects also need to be taken into account, such as 
influence from droplet shape and size, and the physical characteristics of the droplet core material.

The morphology of the droplet might affect the cytotoxicity in comparison to individual fibers, as immune cells 
respond differently depending on the size and shape of the foreign object.61 The average tumor cell diameter is between 
10 and 25 µm, as determined by Hosokawa et al,62 which is in the same order of magnitude as the CNF-shelled PFP 
droplets. Therefore, the cells most probably encounter a curved surface, which is something in-between individual fibers 
and a flat cellulose film. Basti et al showed that hydrogels constructed from hydroxyethyl cellulose and citric acid 
crosslinker were non-toxic to NIH-3T3 cells after 1 and 3 days of exposure.63 Similar results were obtained by Ezati et al, 
who showed that functional CNF-based films prepared by incorporating two types of carbon dots were non-toxic to L929 
cells after 72 h treatment.64 The results from these studies suggest that even if CNFs are in contact with a larger area of 
the cell, the effect on cell viability is limited.

https://doi.org/10.2147/IJN.S397626                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 1844

Loskutova et al                                                                                                                                                      Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Different drug carriers and ultrasound contrast agents have been developed over the years with both gas and liquid 
core. However, previous works have shown that drug carriers and contrast agents are only influencing the biological 
activity of the cell (ie, inducing apoptosis, or decreasing cell viability) after ultrasound exposure.13,14,65,66 The reason for 
the biological effects is the mechanical and cavitation damage to cell membrane produced by either the acoustically 
activated microbubbles, phase-change nanodroplets or the ultrasound itself. Grishenkov et al showed that polyvinyl 
alcohol-shelled microbubbles loaded with nitric oxide were phagocytosed by macrophages after 6 hours of incubation, 
and that microbubbles do not influence the cell viability of macrophages.65 This is also in line with other work.67

Conclusion
In summary, CNF-shelled PFP droplets were produced by mixing, using Ultra-Turrax. The thermal effect on volume size 
distribution and concentration of these droplets was tested, and the effect on cell viability of 4T1 cells was determined by 
an MTT assay. CNF-shelled PFP droplets showed increased signs of instability after 24 and 48 hours due to non- 
homogenous dispersion of CNFs and their decreased ability to stabilize the PFP-water interface compared to similar 
droplets produced by ultrasonication. The droplet diameter and concentration of CNF-shelled droplets decreased with 
increasing temperature, as these factors influence the vaporization threshold of the liquid PFP core. The cell viability of 
4T1 cells decreased with increasing exposure time and concentration of paclitaxel. The CNF-shelled PFP droplets had no 
influence on the cell viability of 4T1 cells, and no additional influence on the cell viability when paclitaxel was also 
added to the cells. These results indicate that CNF-shelled PFP droplets have potential as a drug carrier in ultrasound- 
mediated therapy.
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