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Abstract  1 

Despite advances in nanoparticle delivery, established physical approaches, such as 2 

electroporation and sonication, result in cell damage, limiting their practical applications. 3 

In this study, we proposed a unique freeze concentration-based technique and evaluated 4 

the efficacy of the method using two types of nanoparticles, citrate-capped gold 5 

nanoparticles and carboxylated polystyrene nanoparticles. We further compared the 6 

internalisation behaviour of particles of various sizes with and without freezing. Confocal 7 

microscopic images showed that the uptake efficacy for nanomaterials of 50 nm was 8 

greater than that of l00-nm particles. Polystyrene nanoparticles of 50 nm had more 9 

favourable adsorption and internalisation behaviours compared to those of gold 10 

nanoparticles after freeze concentration. We also examined the possible endocytic 11 

pathways involved in the uptake of gold and polystyrene nanoparticles, and found that 12 

the route differed between unfrozen and frozen conditions. Overall, we determined the 13 

influence of the freeze concentration strategy on both nanomaterial internalisation and 14 

the endocytic uptake pathway. Our findings provide a mechanistic understanding of the 15 

internalisation of nanoparticles using a freezing approach and thereby contribute to 16 

further developments in nanotherapeutic applications.  17 

 18 
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 24 
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Introduction 1 

Recently, functional nanomaterials have gained substantial interest as diagnostic tools 2 

and for the development of delivery systems.1 Among nanoparticles, gold2 (Au) and 3 

polystyrene3 (PS) nanoparticles are common nanocarriers for the delivery of a variety of 4 

biomacromolecules inside cells. Au nanoparticles are beneficial for various applications, 5 

such as biosensors,4 antimicrobial agents,5 tumour imaging,6 and drug delivery.7 PS with 6 

fluorescence plays an important role in dynamic interactions between nano-bio 7 

interfaces, has good biocompatibility and high stability, and is useful for cell imaging.8 8 

However, nanomaterials have to cross the cell membrane to enter cells. To achieve this, 9 

physical approaches, such as electroporation9 and sonication,10 have been used for the 10 

delivery of nanomaterials of different sizes. A few studies have indicated that the use of 11 

electric fields might damage cells.11,12 Therefore, we have developed a new freeze 12 

concentration-based strategy for the safe and effective delivery of proteins.13-16 Freeze 13 

concentration is a physical process in which extremely low temperatures result in the 14 

transformation of water into ice crystals and the ejection of the protein-nanocarrier 15 

complex, thereby increasing the concentration of the protein-nanocarrier complex at the 16 

peripheral cell membrane. We previously demonstrated the benefits of the enhanced 17 

concentration of the protein-nanocarrier in immunotherapy15 as well as in gene delivery 18 

systems.16 However, the influence of the size and concentration of particles induced by 19 

freezing on the endocytic pathway has not been evaluated, and comparisons between 20 

non-frozen and frozen conditions are needed.   21 

Endocytosis is a well-characterised pathway by which particles efficiently enter living 22 

cells. Plasma membranes are selectively permeable. Materials are usually enclosed by a 23 

small portion of the plasma membrane, initially invaginated, and then pinched off to form 24 

an endocytic vesicle that includes the ingested substance. 17,18  Nearly all types of cells 25 

utilise the endocytic pathway to communicate with viruses and nanoparticles.19 Particles 26 

can be internalised into cells via two major pathways, i.e. phagocytosis and pinocytosis.20 27 

Large particles with a diameter of greater than 200 nm are usually taken up by 28 

phagocytosis. Some internalised vesicles never reach lysosomes because they are 29 

recovered by phagosomes vesicles and returned to the plasma membrane.21 The majority 30 

of small particles enter via pinocytosis pathways, including macropinocytosis, clathrin-31 
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mediated endocytosis, and caveolae-mediated endocytosis.22 Typically, for clathrin 1 

mediated endocytosis, the endocytic cycle starts at clathrin-coated pits in small areas of 2 

the plasma membrane. Caveolae are present in the plasma membrane of all cell types. 3 

They are formed from lipid rafts (patches of plasma membrane) containing cholesterol, 4 

glycosphingolipids, and GPI-anchored membrane proteins. Macropinocytosis begins with 5 

the deformation of the plasma membrane; linear or curved ruffles form on cell membrane, 6 

and these constrict and become separated from the plasma membrane to form 7 

macropinosomes inside of cells.23,24   8 

In general, physical approaches, e.g. electroporation and sonication, promote 9 

nanomaterial uptake via non-endocytic pathways, resulting in high oxidative stress and 10 

changes in cell stimuli.25,26 The enhanced concentration of materials in the peripheral 11 

membrane using the freezing strategy enables uptake by endocytic pathways, as 12 

demonstrated in our previous research.14 However, the precise effects of particle size and 13 

frozen or non-frozen conditions are unclear. Therefore, to elucidate the effect of particle 14 

concentration using freezing and non-freezing systems and the influence of size, we used 15 

citrate-capped Au nanoparticles and carboxylated PS nanoparticles as model systems.  16 

In this study, we evaluated two types of particles, i.e. inorganic nanoparticles and 17 

polymeric nanoparticles.  A number of inorganic particles, such as silver nanoparticles 18 

(Ag), are used in biomedical applications owing to their beneficial properties, including 19 

their antibacterial effects.27 For example, the nanohybrid Ag@PS complex with a 20 

nitroxide linker provides efficient activity against pathogenic bacteria.28 Many previous 21 

studies have assessed the influence of various factors associated with the cellular uptake 22 

of fluorescent latex particles (PS beads).29,30 Haines et al. demonstrated the effects of 23 

particle size, cell line, and even cell density on the uptake of PS microspheres.29 In another 24 

study, Florence et al. showed the size dependency of microspheres on uptake in 25 

systematic organs after oral administration; particles exceeding 100 nm did not reach the 26 

bone marrow and those exceeding 300 nm were absent from blood.30   27 

 28 
In our study, we focused on Au nanoparticles and PS nanoparticles owing to their 29 

availability in a variety of sizes and surface chemistries; we used the fibroblast L929 cell 30 

line and the freeze concentration approach to study the endocytic mechanism. To the best 31 

of our knowledge, this is the first study to demonstrate that the freeze concentration 32 
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approach induces different endocytic pathways depending on the material and size. For 1 

consistency, both types of nanomaterials (Au and PS nanoparticles) had similar 2 

hydrodynamic sizes, i.e. they were 50 and 100 nm in diameter, for investigation of uptake 3 

by fibroblast L929 cells using non-frozen and frozen approaches; furthermore, we 4 

discuss the potential endocytic mechanisms in these conditions. 5 

 6 

Experimental 7 

Reagents 8 

Citrate buffer-stabilised gold nanoparticles (50 and 100 nm), filipin, and EIPA (5-(N-9 

ethyl-N-isopropyl)-amiloride) were obtained from Sigma Aldrich (St. Louis, MO, USA). 10 

Fluoresbrite® Yellow Green Polybead Microspheres (YG Polybeads, λex = 441 nm, λem = 11 

486 nm) with diameters of 50 and 100 nm were purchased from Polyscience Inc. 12 

(Warrington, PA, USA). Chlorpromazine and DMSO were obtained from Nacalai Tesque 13 

(Kyoto, Japan).  14 

Zeta potential and hydrodynamic size of gold and polystyrene nanoparticles 15 

The average hydrodynamic diameter and zeta potential of Au and PS nanoparticles were 16 

measured by dynamic light scattering (DLS) using the Zetasizer 3000 (Malvern 17 

Instruments, Worcestershire, UK) with a scattering angle of 135°. Results were obtained 18 

as the average of three measurements using different samples.  19 

 20 

Transmission electron microscopy (TEM) 21 

Au and PS nanoparticle solutions (10 µL) were placed on a copper grid (NS-C15 Cu150P; 22 

Stem, Tokyo, Japan). In the case of PS nanoparticles, the grids were negatively stained 23 

with 2% phosphotungstic acid (Sigma Aldrich, Steinheim, Germany) for 1 min and then 24 

washed with two drops of distilled water, blotted, and air-dried. TEM images were 25 

obtained using a Hitachi H-7100 system (Tokyo, Japan) with an accelerating voltage of 26 

100 kV. 27 

 28 

Cell culture 29 
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L929 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in 1 

Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 10% 2 

foetal bovine serum (FBS) at 37°C and 5% CO2 in a humidified atmosphere. When the 3 

cells reached 80% confluence, they were removed using 0.25% (w/v) trypsin containing 4 

0.02% (w/v) ethylenediamine tetraacetic acid (EDTA) in phosphate-buffered saline 5 

without calcium and magnesium (PBS(-)) and were seeded on a new tissue culture plate 6 

for subculture. 7 

Cellular adsorption of nanoparticles by freeze concentration 8 

 L929 cells were counted and re-suspended in 1 mL of 10% DMSO (without FBS) 9 

containing Au or PS (2–10 × 1010 particles/mL) nanoparticles at a density of 1 × 106 10 

cells/mL in 1.9-mL cryovials (Nalgene, Rochester, NY, USA) and were stored in a -80°C 11 

freezer overnight. The vials were thawed at 37°C, diluted with DMEM, and cells were 12 

washed 3 times with DMEM containing 10% FBS. Subsequently, cells were counted using 13 

a haemocytometer by the trypan blue staining method. Cell viability was determined as 14 

the ratio of living cells to total cells. The adsorption of nanoparticles on L929 cells before 15 

and after freezing was observed using a confocal laser scanning microscope (CLSM) 16 

(FV1000-D; Olympus, Tokyo, Japan). The PS nanoparticles were internally labelled by 17 

Yellow Green, similar to FITC (fluorescein isothiocyanate) fluorophores, with (YG 18 

Polybeads, λex = 441 nm, λem = 486 nm). Au nanoparticles were quantitatively evaluated 19 

by plasmon scattering. Au nanoparticles of 50 nm and 100 nm were irradiated using a 20 

laser wavelength of 559 nm. 21 

Internalisation of nanoparticles by freeze concentration 22 

After the thawing procedure, the cells were washed three times using cell culture medium 23 

with 10% FBS. Then, the cells were again seeded on a 35-mm glass-bottom dish with 24 

DMEM. After incubation for 24 h, the attached cells were washed with PBS (-) 3 times and 25 

were observed using a CLSM. For comparisons with non-frozen cells as a control, the 26 

same concentration of nanoparticles was added to the L929 cell suspension, centrifuged 27 

at  112 × g, washed with medium, and seeded them for 24 h. All cells were washed with 28 

PBS (-) before the observation of internalisation using a CLSM.   29 
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Elucidation of the internalisation pathway in non-frozen and frozen conditions by 1 

an inhibition assay  2 

L929 fibroblast cells were pre-treated with various concentrations of endocytic 3 

inhibitors, including chlorpromazine (12.5 µM), EIPA (125 µM), and filipin (2.5 µM). 4 

Previously reported inhibitor concentrations were used.14 Then, the samples were 5 

cryopreserved with 10% DMSO carrying Au or PS nanoparticles in the cell culture 6 

medium at −80°C. Solutions were thawed and the cells were counted to determine the 7 

toxicity of the inhibitors using the trypan blue exclusion assay. After the addition of 8 

particular inhibitors, cells at a density of 1 × 106 cells per mL were seeded on a glass-9 

bottom dish for 24 h to investigate the uptake of particles. The same procedure was 10 

applied for the non-frozen condition. The nanoparticles with inhibitors were gently 11 

added to fibroblast cells and seeded on glass-bottom dishes following the same methods. 12 

Cells treated with only Au or PS nanoparticles were regarded as positive controls. After 13 

incubation, cells were washed with PBS (-) 3 times to remove any traces of inhibitors. The 14 

mean scattering of Au nanoparticles per cell was detected by excitation at 559 nm using 15 

a confocal microscope. A similar procedure was applied for PS nanoparticles; the 16 

quantification of the mean fluorescence intensity per cell was performed using a confocal 17 

microscope.  18 

Statistical analysis 19 

 All data are expressed as means ± standard deviation (SD). All experiments were 20 

conducted in triplicate. For comparisons among groups, a one-way analysis of variance 21 

with a post-hoc Fisher’s protected least significant difference test was used. Differences 22 

were considered statistically significant when p < 0.05. 23 

 24 

Results and discussion 25 

Hydrodynamic size and zeta potential of gold and polystyrene nanoparticles in the 26 

presence of cryoprotectants 27 

We checked the actual sizes of Au and PS nanoparticles by TEM and the results are shown 28 

in Figure S1. Both Au and PS nanoparticles had uniform sizes of 50 nm and 100 nm. Our 29 
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main aim was to use the freeze concentration procedure for the internalisation of Au and 1 

PS nanoparticles of various sizes. However, the colloidal stability of these nanoparticles 2 

is a major challenge in frozen conditions.31 At the time of freezing, the nanoparticle 3 

concentration increases due to solute exclusion from ice crystal formation. This stress 4 

could affect the ionic strength, size, and surface potential of nanoparticles.32 A variety of 5 

cryoprotectants have been used to shield nanoparticles during freezing.33 Therefore, we 6 

investigated the aggregation behaviour of Au and PS nanoparticles in response to freeze 7 

concentration and determined suitable conditions for minimising irreversible 8 

aggregation. We used DMSO, a well-established cryoprotectant for cell storage.34 We 9 

evaluated the size and surface charge of particles in non-frozen and frozen conditions. Au 10 

and PS nanoparticles (2 × 1010 particles/mL) were dispersed in 1 mL of milli-Q water and 11 

the hydrodynamic sizes and zeta potential were determined by the DLS technique. As 12 

shown in Figure S2A, the hydrodynamic sizes of Au nanoparticles (2 × 1010 particles/mL) 13 

were around 60 nm and 130 nm, consistent with the expectation at room temperature in 14 

the absence of a cryoprotectant for 50- and 100-nm Au nanoparticles. When Au 15 

nanoparticles were frozen in the presence of 10% DMSO, their sizes did not change 16 

substantially. We also evaluated the influence of freezing on the surface charge of 50- and 17 

100-nm Au nanoparticles. As expected, the zeta potential was negative due to the efficient 18 

distribution of citrate groups in Au nanoparticles, even during freezing. The zeta potential 19 

was -24.3 ± 8.0 mV for 50-nm Au nanoparticles at room temperature, but was -16.4 ± 4.6 20 

mV for 100-nm Au nanoparticles. When nanoparticles were frozen at -80°C in the 21 

presence of 10% DMSO as a cryoprotectant, the surface potential was nearly equal to that 22 

in normal conditions. These results suggested that freezing and cryoprotectants do not 23 

have a substantial influence on zeta potential, and particles retain their anionic property 24 

(Figure S2 b).   25 

We also characterised the hydrodynamic size and zeta potential of PS nanoparticles 26 

(Figure S2C and D). With respect to the size of PS nanoparticles in aqueous medium, the 27 

results were similar to those obtained for Au nanoparticles. At room temperature, the 28 

hydrodynamic size of polystyrene nanoparticles was approximately 71.6 ± 1.1 nm in the 29 

case of 50-nm nanoparticles. The hydrodynamic size of approximately 152.4 ± 16.7 nm 30 

was slightly greater than the actual size of 100 nm of polystyrene nanoparticles (Figure 31 

S2C). We also evaluated the influence of freezing on the surface potential of PS 32 
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nanoparticles and found that the potential was nearly the same in the presence of 10% 1 

DMSO and at room temperature (Figure S2 D).   2 

Since the estimates of size and potential were similar and consistent with the TEM results, 3 

it is difficult to determine whether the cryoprotectant contributes to aggregation (Figure 4 

S2A–D). These results indicated that 10% DMSO is inert and does not affect colloidal 5 

stability for both Au and polystyrene nanoparticles.  6 

Gold and polystyrene nanoparticle adsorption on L929 cells using the freeze 7 

concentration approach 8 

Next, we investigated the efficacy of the freeze concentration method for the in vitro 9 

delivery of two different materials. We chose L929 fibroblasts as a model cell line to 10 

evaluate the effects of different materials with different sizes in a single cell line.  L929 11 

cell line can be easily cultured in a reproducible manner. Also, this cell lines are widely 12 

used for preliminary studies for wide range of biomaterials due to easily proliferation 13 

and adherence on the biomaterials surface. In our previous studies, we also chose L929 14 

cell line for our research.13,14 To evaluate cell viability, L929 cells were mixed with various 15 

concentrations of 50-nm and 100-nm Au and PS nanoparticles that were cryopreserved 16 

with 10% DMSO in culture medium without FBS. Cell viability was then calculated using 17 

trypan blue staining solution after thawing. As shown in Figure S3, cell viability 18 

decreased as the concentration of nanoparticles (Au and PS) increased (Figure S3A–B). 19 

A low concentration of nanoparticles for both sizes resulted in a cell viability of around 20 

80%. We used small concentrations of Au and PS nanoparticles for in vitro delivery. 21 

Interestingly, we observed that cell viability was lower for small nanoparticles than for 22 

large nanoparticles. This result is in agreement with previous studies indicating that 23 

smaller nanoparticles are generally more toxic.35 Likewise, as shown in Figure S3 B, cell 24 

viability for 100-nm PS beads was significantly greater than that for 50-nm PS beads at 25 

every concentration, suggesting that cytotoxicity in greater for the latter than the former. 26 

This result was consistent with the findings of Jeong et al., who found that microbead 27 

toxicity is size-dependent and smaller microbeads are more toxic.36 It is worth pointing 28 

out that although our nanoparticles had negative charges of different values, size was the 29 

predominant determinant of cytotoxicity. 30 
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We then used the freeze concentration methodology to investigate adsorption behaviour 1 

on cell membranes. A brief illustration of the protocol is shown in Scheme 1. First, we 2 

determined the effect of freezing on the adsorption efficacy of Au nanoparticles. The Au 3 

nanoparticles did not require modification with fluorescent dyes owing to their intrinsic 4 

optical properties (plasmon scattering). Scattering images can be easily observed for Au 5 

nanoparticles at a laser wavelength of 559 nm for excitation. Many studies have evaluated 6 

nanoparticles inside cells by utilising plasmon scattering properties.37 Scattered Au 7 

nanoparticles of both sizes (50 and 100 nm) were efficiently visualised by confocal 8 

microscopy after freeze concentration, as shown in Figure 1. The non-frozen conditions 9 

did not influence the absorption of Au nanoparticles around the cell membrane for both 10 

50 and 100 nm (Figure 1A and C). However, Au internalisation increased when using the 11 

freezing approach (Figure 1B and C).  12 

We also quantified the mean scattering intensity of Au nanoparticles for Au nanoparticles 13 

of 50 and 100 nm by confocal microscopy. We found greater intensities for frozen Au 14 

nanoparticles than non-frozen nanoparticles, indicating increased adsorption on the cell 15 

surface (Figure 1E).   16 

Furthermore, the adsorption of PS nanoparticles of both 50 and 100 nm was greater in 17 

frozen than in non-frozen conditions (Figure 2A–D). Quantification by confocal 18 

microscopy revealed that the freezing technique increases the penetration of PS 19 

nanoparticles (Figure 2E).  20 

When cells and nanoparticles are subjected to an ultra-cold environment, water in the 21 

system is converted into ice crystals, leading to an increased concentration of 22 

nanoparticles in the extracellular solution. The increased concentration of nanoparticles 23 

leads to increased interactions with the cell membrane in the frozen system, thereby 24 

promoting the efficient adsorption of particles. Although negatively charged 25 

nanoparticles are expected to be less efficiently adsorbed by a negatively charged cell 26 

membrane, the cellular adsorption of negatively charged NPs was high, possibly due to 27 

strong, localised, and nonspecific interactions with the plasma membrane.38 Taken 28 

together, these results indicate that the freeze-concentration method enhances the 29 

association of both Au and PS nanoparticles on cells, while maintaining a high cell 30 

viability.  31 
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Intracellular delivery of gold and polystyrene nanoparticles using L929 cells by 1 

freeze concentration  2 

The adsorption of nanoparticles on the cell membrane was enhanced using the freeze 3 

concentration approach. Usually, the internalisation of nanoparticles in cells is very 4 

important for achieving a therapeutic effect. To investigate this, a similar protocol was 5 

applied to that summarised in Scheme 1. The confocal microscopic images for the 6 

internalisation of Au and PS nanoparticles are shown in Figure 3A–H. The results were 7 

quite similar to those shown in Figure 1 and 2. Both Au and PS nanoparticles were 8 

efficiently internalised into cells (Figure 3B, D, F, H). However, the non-freezing 9 

approach did not induce internalisation for similar conditions (Figure 3A, C, E, G). 10 

Moreover, greater internalisation was observed for smaller Au and PS particles than for 11 

large particles. Figure 3I summarises the quantitative analysis of intensity values 12 

obtained by confocal microscopy for PS and Au nanoparticles at 50 and 100 nm. 13 

Interestingly, we found higher intensities using 50-nm PS nanoparticles than using other 14 

materials for both the non-frozen and frozen systems. Various studies have reported that 15 

small particles are efficiently taken up by cells, in general.17,39,40 16 

Nanoparticle size is an important determinant of cellular internalisation.  Chithrani et al. 17 

showed that 50-nm transferrin-coated Au nanoparticles exhibit greater uptake than that 18 

of 100 nm particles.  They attributed this to the “wrapping effect,” which induces more 19 

efficient cell internalisation.  Additionally, they described the roles of ligand-receptor 20 

interactions as well as receptor diffusion kinetics in cellular internalisation.  The so called 21 

“Wrapping effect” indicated how the cellular membrane encloses nanoparticles. Two 22 

Factors are associated with the term “Wrapping effect” wherein it dictates the free energy 23 

for ligand-receptor interaction and other is the receptor diffusion kinetics onto wrapping 24 

sites around the cellular membranes. 41 25 

It should be noted that PS nanoparticles have increased interactions with the plasma 26 

membrane compared with Au nanoparticles. The increased internalisation of PS 27 

nanoparticles might be explained by the difference in affinity towards the cell membrane.  28 

Endocytosis mechanisms 29 
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A better understanding of the interactions of functional nanoparticles with biological 1 

cells is needed not only for the development of new methods for imaging and therapy, 2 

but also to improve our knowledge of the fundamental cellular mechanisms and 3 

cytotoxicity of nanomaterials. Therefore, we evaluated the effects of the freeze 4 

concentration method on endocytic pathways. Various endocytic inhibitors, such as 5 

chlorpromazine (for clathrin-mediated endocytosis), EIPA (for macropinocytosis), and 6 

filipin (for caveolae mediated endocytosis), were added to elucidate the endocytic 7 

pathway. Before evaluating the endocytic pathways, it is crucial to investigate the effects 8 

of these nanoparticles and inhibitors on cell viability, as these inhibitors are cytotoxic at 9 

particular concentrations. Hence, we evaluated cell viability using trypan-blue exclusion 10 

assays after freezing. The optimal concentration of inhibitors with respect to cell viability 11 

(Figure 4) was used to elucidate the endocytic pathway. Before freezing, the cells are 12 

100% alive whereas after freezing the cells viability are slightly decrease even after 13 

adding cryoprotectant.  We examined the endocytic mechanism for two different 14 

materials of different sizes and frozen as well as non-frozen conditions by fluorescent 15 

confocal microscopy. Quantitative results were obtained from confocal images, which are 16 

shown in the supporting information (Figure S4A–D). For both nanoparticle types, 17 

intensity was quantified by confocal microscopy (Figure 5A–D). Figure 5A and B show 18 

the scattering intensity of Au nanoparticles in the presence of inhibitors for frozen and 19 

non-frozen conditions. A high scattering intensity was observed for L929 cells used as a 20 

positive control, without inhibitors. When particular inhibitors were added, a change in 21 

the scattering intensity was observed. A decreased intensity of Au nanoparticles in the 22 

presence of inhibitors implies that the particular inhibitor affected the uptake and 23 

restricted the entry of nanoparticles into the cell membrane. We observed a lower 24 

scattering intensity for 50 and 100 nm Au nanoparticles in the presence of 25 

chlorpromazine; this outcome suggested that chlorpromazine inhibits endocytosis. 26 

Accordingly, Au particles of 50 and 100 nm primarily enter cells via clathrin-mediated 27 

endocytosis (Figure 5A). Interestingly, using the freeze concentration approach, the 50-28 

nm Au nanoparticles exhibited a decreased scattering intensity when the filipin inhibitor 29 

was applied, indicating that freezing induces a change in the uptake pathway to caveolae-30 

mediated endocytosis (Figure 5B). Au nanoparticles of 100 nm showed a similar trend 31 

with respect to the alteration of pathways. For 100-nm particles, in non-frozen conditions, 32 
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clathrin-type endocytosis was dominant (Figure 5A). However, frozen conditions 1 

resulted in a shift to the caveolae as well as macropinocytosis pathways, even for 100-nm 2 

particles (Figure 5B).   3 

The endocytic mechanism for PS-based nanomaterials differed somewhat from that for 4 

Au nanoparticles. The 50-nm PS nanoparticles tended to exhibit uptake by 5 

macropinocytosis pathways, as evidenced by the decreased fluorescence intensity in the 6 

presence of the EIPA inhibitor (Figure 5C). When the freezing approach was applied, the 7 

pathway changed to clathrin-mediated endocytosis (Figure 5D). PS nanoparticles of 100 8 

nm were associated with both clathrin- and caveolae-dependent endocytosis in normal 9 

conditions (Figure 5C). In particular, the freeze concentration-mediated internalisation 10 

of PS nanoparticles occurred only by clathrin-mediated endocytosis (Figure 5D).  11 

Previous reports have suggested that endocytic mechanisms are usually dependent on 12 

size and cell type.42 However, these are not the only factors responsible for specific 13 

uptake. In one study, Mironava et al. reported that 45-nm Au NPs penetrated cells via 14 

clathrin-mediated endocytosis,43 consistent with the results of our study. However, the 15 

frozen system changes the pathway for 50-nm Au nanoparticles. An increase in cell stress 16 

caused by the freeze process could explain the change in the endocytic pathway. 17 

Understanding the detailed determinants of the endocytic mechanism can clarify the 18 

importance of freeze concentration-induced changes in the endocytic pathway. The same 19 

trend was observed for particles of other sizes. 20 

An “electroporation” method has previously been used to promote nanoparticle uptake 21 

into cells by applying external electrical impulses, resulting in transient membrane pores 22 

through which nanoparticles can easily pass.44 Another approach, “microinjection”, is a 23 

valuable tool to deliver molecules inside cells. These previous methods adopt a non-24 

endocytic pathway that can induce significant tension, thereby disrupting the lipid 25 

bilayers and nanoscale hole formation around the cell membrane.44, 45 These strategies 26 

result in substantial cell loss, deformation of the cell membrane, and the non-specific 27 

entry of materials, and accordingly they are not practical for applications in biomedical 28 

engineering.  29 
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In our study, a new “freeze concentration” method was developed that does not involve 1 

the direct entry of materials inside cells, but rather promotes the interaction between the 2 

cell membrane and materials. Compared with previously described physical approaches, 3 

this freezing strategy has several benefits, including its high reliability, low cost, and 4 

simplicity, using an external force to induce cell membrane interactions without toxicity.  5 

Regardless, further detailed investigations are needed to elucidate the underlying 6 

mechanism by which freezing induces nanoparticle uptake via different pathways. 7 

Studies of nanoparticle internalisation by cells can provide a basis for understanding 8 

their ultimate sub-cellular fate and localisation. A comprehensive knowledge of how 9 

particle size and freezing conditions affect the interactions between cells and appropriate 10 

combinations of nanomaterials using the freeze concentration approach is crucial for 11 

delivery applications.  In future studies, we will apply the approach to various cell lines, 12 

such as HeLa cells, SK-Mel-28 melanoma cells, and RAW 264.7 macrophages, to evaluate 13 

the endocytic entry of different materials using the freeze concentration approach.  14 

Conclusion 15 

Our results demonstrated that the freeze concentration strategy enables the efficient 16 

internalisation of Au and PS nanoparticles into fibroblast cells. DLS and zeta potential 17 

measurements showed that the colloidal stability of these nanomaterials is retained in 18 

the presence of 10% DMSO (a cryoprotectant) after freezing. Further, 50-nm PS 19 

nanoparticles showed high intracellular uptake efficacy, while 50-nm Au nanoparticles 20 

showed the lowest efficacy. We also investigated the endocytic uptake mechanism using 21 

frozen and non-frozen systems with a model fibroblast cell line. Interestingly, Au 22 

nanoparticles of both 50 and 100 nm exhibited clathrin-dependent endocytosis in non-23 

frozen conditions, but freezing resulting in a change to the caveolae-dependent and 24 

macropinocytosis pathways. Other PS nanoparticles utilised a different endocytosis 25 

pathway depending on size and frozen conditions. Our results emphasise the importance 26 

of the physical “freezing” approach for nanomaterials of various sizes to guide endocytic 27 

uptake for efficient delivery systems. We expect that the precise information about the 28 

endocytic uptake of nanoparticles will facilitate the design of materials with increased 29 

cellular uptake and the use of the freeze concentration approach  for extensive biomedical 30 

applications.    31 
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Figures 19 
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Scheme-1 Protocol representation of nanoparticles adsorption and internalisation into 21 

fibroblast L929 cells by freeze concentration approach 22 
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 1 

Figure 1 Confocal microscope images of Au nanoparticles of different sizes (50 and 100 2 

nm) before and after freezing with 10% DMSO as a cryoprotectant to detect plasmon 3 

scattering from the Au nanoparticles of 50 nm and 100 nm. (A, B) Non-frozen and frozen 4 

50 nm Au. (C, D) Non-frozen and frozen 100 nm Au. Scale bar: 30 µm (E) Mean scattering 5 

intensity of Au nanoparticles determined by confocal microscopy. Results are expressed 6 

as means ± SD. **p < 0.01 7 
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 1 

Figure 2 Confocal microscope images of PS nanoparticles of different sizes (50 and 100 2 

nm) before and after freezing with 10% DMSO as a cryoprotectant. (A, B) Non-frozen and 3 

frozen 50-nm PS nanoparticles. (C, D) Non-frozen and frozen 100-nm PS nanoparticles. 4 

Scale bar: 30 µm (E) Mean fluorescence intensity of PS nanoparticles investigated by 5 

confocal microscopy. Results are expressed as means ± SD. **p < 0.01 6 



22 

 

 1 

 2 



23 

 

 1 

 2 



24 

 

 1 

Figure 3 Internalisation of Au nanoparticles in L929 cells. (A, C) Without the freeze-2 

concentration of Au nanoparticles of 50 and 100 nm (B, D) With the freeze concentration 3 

of Au nanoparticles at -80°C using 10% DMSO as a cryoprotectant. Internalisation of PS 4 

nanoparticles in L929 cells. (E, G) Without the freeze-concentration of PS nanoparticles 5 

of 50 and 100 nm. (F, H) With the freeze concentration of PS nanoparticles at -80°C using 6 

10% DMSO as a cryoprotectant. Scale bar: 30 µm. (I) Mean intensities of scattering and 7 

fluorescence images of Au and PS nanoparticles were obtained by confocal microscopy. 8 

Results are expressed as means ± SD. **p < 0.01 9 
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 1 

Figure 4 Quantification of cell viability determined by trypan blue-exclusion assays after 2 

the addition of endocytic inhibitors to Au and PS nanoparticles of 50 nm and 100 nm after 3 

freezing. Results are expressed as means ± SD. 4 

 5 
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Figure 5 Quantitative analysis of the fluorescence/scattering intensity by confocal 1 

microscopy during endocytic uptake via clathrin-mediated endocytosis (ME), caveolae 2 

ME, and macropinocytosis ME, following treatment with various inhibitors. (A)  Non-3 

frozen Au 50 nm (B) Frozen Au 50 nm (C) Non-frozen PS 50 nm (D) Frozen PS 100 nm. 4 

Results are expressed as means ± SD. **p < 0.01, *p < 0.05 vs. without inhibitors for 50-5 

nm nanoparticles and ##p < 0.01, #p < 0.05 vs. without inhibitors for 100-nm 6 

nanoparticles. 7 
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Figure S1 TEM images of Au and PS nanoparticles.  

 



 

Figure S2 Hydrodynamic diameter and Zeta potential of nanoparticles at room 

temperature (25°C) with no cryoprotectant (White bars) and after freezing with 

10% DMSO as a cryoprotectant at -80°C (Grey bars). Au nanoparticle (A) 

hydrodynamic diameter and (B) Zeta potential. PS nanoparticle (C) hydrodynamic 

diameter and (D) Zeta potential.  



 

Figure S3 Cell viability using nanoparticles at various concentrations after freezing 

with 10% DMSO as a cryoprotectant, as determined by trypan blue exclusion assays, 

for (A) Au and (B) PS.   
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Figure S4 Confocal images of non-frozen and frozen endocytic uptake of 50- and 
100-nm gold nanoparticles (A, B) or 50- and 100-nm polystyrene beads (C, D). For 
freezing, the samples were pre-incubated with inhibitors in the presence of 10% 
DMSO as a cryoprotectant. After thawing, the cells were seeded and incubated for 
at least 10 h. Scale bar: 30 µm.   
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