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Abstract

Nanocellulose is increasingly considered for applications, however, the fibrillar nature, crystalline 

phase and surface reactivity of these high aspect ratio nanomaterials need to be considered for safe 

biomedical use. We performed a comprehensive analysis of the impact of cellulose nanofibrils 

(CNF) and nanocrystals (CNC) using materials provided by the Nanomaterial Health Implications 

Research Consortium of the National Institute of Environmental Health Sciences. We also derived 

intermediary length nanocrystals by acid hydrolysis. While all CNFs and CNCs were devoid of 

cytotoxicity, 210 and 280 nm FITC-labeled CNCs showed higher cellular uptake than longer and 

shorter CNCs or CNFs. Moreover, CNCs in the 200–300 nm length scale were more likely to 

induce lysosomal damage, NLRP3 inflammasome activation, and IL-1β production than CNFs. 

The pro-inflammatory effects of CNCs are correlated with higher crystallinity index, surface 

hydroxyl density, and reactive oxygen species generation. In addition, CNFs and CNCs could 

induce maturation of bone marrow-derived dendritic cells and CNCs (and to a lesser extent CNFs) 

were found to exert adjuvant effects in ovalbumin (OVA)-injected mice, particularly for 210 nm 

and 280 nm CNCs. All considered, our data demonstrate the importance of length scale, 

crystallinity, and surface reactivity in shaping the innate immune response to nanocellulose.
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1. Introduction

Commerce, industry and consumers increasingly prefer to use products produced from 

renewable and sustainable resources, such as cellulose. Not only does nanocellulose exhibit 

low environmental and health risks, but express unique physicochemical properties that can 

be exploited by commerce and industry.[1, 2] This is exemplified by increased interest in 

technology development of these materials in the paper and cardboard industry as fillers, 

adhesives, paints, and low-density foams, as well as for food applications, hygiene purposes, 

and cosmetics.[3–10] Cellulose, as a key structural component (polysaccharide) of the cell 

walls of plants and algae, is comprised of a linear chain of hundreds to thousands of β(1–4) 

linked glucose units.[11] The term nanocellulose refers to a form of cellulose that exists 

either as a nanocrystal or a cellulose nanofiber. Accordingly, nanocellulose can be divided 

into three material categories, namely: (i) cellulose nanocrystals (CNCs), also referred to as 

nanocrystalline cellulose or cellulose nanowhiskers, (ii) cellulose nanofibrils (CNFs), also 

referred to as nanofibrillated cellulose, and (iii) bacterial cellulose (BC).[2, 11]

Although cellulose is being used more frequently for healthcare purposes such as wound 

healing, dialysis membranes, or food additives, nanocellulose is currently in a developmental 

phase with no commercial applications. Little is known about its biomolecular interactions 

at the nano/bio interface and the characterization of the properties that determine material 

safety.[2, 4, 12] While nanocellulose is generally regarded as safe based on its 

biodegradability, we need to consider that this is a high aspect ratio (HAR) material that 

exhibits crystalline subunits and reactive surfaces, which could lead to the generation of 

adverse health effects.[2, 3] Moreover, a variety of preparation techniques (e.g., acid 

hydrolysis or homogenization) and post-processing modification can introduce additional 

physicochemical properties that could impact the nanocellulose safety profile.[11] Clift et al., 
have demonstrated that CNC exposures can lead to cytotoxicity and cytokine release in 3-D 

human airway epithelial cell cultures, while CNFs have been shown to exert cytotoxic 

effects in various tissue culture systems.[13–15] Endes et al., found that although CNC 

aerosol exposure of a human epithelial airway barrier model did not elicit significant 

cytotoxicity, pro-inflammatory or oxidative stress effects, longer CNCs (2244 ± 1687 nm) 

were cleared less effectively than shorter CNCs (168 ± 72 nm).[16, 17] Cullen et al. have 
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observed dose-dependent recruitment of inflammatory cells to the peritoneal cavity of mice 

exposed to CNFs,[18] while Yanamala et al. have shown that oropharyngeal aspiration of 

CNCs in mice can generate oxidative stress, cytotoxicity and pro-inflammatory effects.[19] 

Moreover, while comparing CNFs to CNCs in transformed human lung epithelial cells, 

CNFs were shown to generate more cytotoxicity than CNCs, but the reverse was true for the 

pro-inflammatory effects of these materials.[20, 21]. However, other than comparative studies 

of the biological impact of cellulose nanocrystals vs. nanofibrils, comparatively few studies 

have attempted to explain the biological effects and hazard potential of nanocellulose in 

terms of aspect ratio, crystallinity and surface reactivity, physicochemical characteristics that 

have been shown to be of importance the adverse health effects of HAR material such as 

carbon nanotubes (CNTs), CeO2 nanorods, TiO2 nanobelts, and AlOOH nanorods, etc.
[22–35]

While HAR nanomaterials impact a wide range of cell and tissue types, it is important to 

consider the influence on the cellular elements of the innate immune system, which are 

ubiquitously expressed as macrophages and dendritic cells in all organ systems.22–23 

Moreover, phagocytic uptake in the cells has demonstrated access of HAR materials to the 

lysosomal compartment, where close contact with reactive material surfaces could damage 

the lysosomal membrane, leading to cathepsin B release and assembly of the NLRP3 

inflammasome.[25, 26] This series of intracellular events can lead to pro-inflammatory and 

immunogenic effects in the innate immune system. While it has been shown that 

nanocellulose can exert TH1 immune polarizing effects in the lung, no detailed attempt has 

been made to elucidate the structure-activity relationships that underpin these immune 

effects.[36] In order to assess the effect of fiber length, crystallinity, and surface reactivity of 

CNFs and CNCs in the innate immune system, we acquired a panel of nine nanocellulose 

materials in which the characterization of these properties were used for understanding of 

their structure-activity relationships in macrophages and dendritic cells.

In this study, we evaluated the physicochemical properties of a panel of CNFs and CNCs, 

provided by the Nanomaterials Health Implications Research (NHIR) Consortium at the 

National Institute of Environmental Health Sciences (NIEHS), on pro-inflammatory and 

adjuvant effects in the immune system. This panel was supplemented by including 

intermediary length scales to elucidate the impact of CNC length, crystallinity and surface 

hydroxyl display on the NLRP3 inflammasome in macrophages and murine bone marrow-

derived dendritic cells (BMDCs). These structure-activity relationships were used to assess 

the effects of these materials on boosting of the humoral immune response in mice, using a 

vaccination approach. Our integrated analysis demonstrates that the increased crystallinity 

and pro-oxidative effects of cellulose nanocrystals in the length scale 200 to 300 nm were 

associated with more robust NLRP3 inflammasome activation and pro-inflammatory effects 

in vitro, which could be related to immune boosting effects in vivo.
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2. Results

2.1. Preparation, purification and characterization of cellulose nanomaterials of different 
aspect ratios

Safety assessment of CNFs and CNCs were performed on materials provided by the NHIR 

Consortium at the NIEHS. A schematic depicting the presence of crystalline and amorphous 

regions in cellulose fibers is shown in Figure 1A. The CNFs exhibited approximately the 

same primary length scales under transmission electron microscopy (TEM) (Table 1 and 

Figure 1A). In contrast, the nanocrystal received from the consortium (CNC 280 nm) had a 

length of 279.1 ± 116.3 nm. In order to expand the length scale of an intermediary group of 

nanocrystals in the size range 280 nm to 6 μm, a commercial cellulose paper product 

(Whatman filter paper) was hydrolyzed with sulfuric acid to generate five additional CNCs, 

i.e. CNC 3.6 μm, CNC 1.1 μm, CNC 210 nm, CNC 150 nm and CNC 110 nm (Figure 1A 

and 1B). We also obtained a CNC of 93.0 ± 45.0 nm from the University of Maine. Figure 

1A shows TEM images of the CNFs and CNC obtained from the consortium, as well as a 

schematic to explain the use of acid hydrolysis for releasing nanocrystals from cellulose 

fibrils comprised of intermingled amorphous and crystalline regions. Figure 1B explains 

how acid hydrolysis could practically be implemented to generate a series of CNCs from a 

commercial cellulose paper product (Whatman filter paper), which was incubated with 

sulfuric acid for different lengths of time. The accompanying TEM images in the lower 

panel demonstrate the progressive shortening in fiber length and morphological changes of 

the released CNCs as a function of increased hydrolysis time. This provided a 

comprehensive panel of nanocellulose materials to assess the contribution of CNC length, 

crystallinity, and surface chemistry on biological outcome.

Physicochemical characterization to assess primary particle size, hydrodynamic size and 

zeta potential in water as well as in tissue culture medium (RPMI 1640) was carried out 

prior to biological experimentation (Tables 1 and 2). Assessment of hydrodynamic size by 

dynamic light scattering (DLS) in DI H2O, confirmed the acquisition of a panel of materials 

with length scales ranging from 104.4 ± 2.5 to 36,188.5 ± 16,818.8 nm (Table 2). The 

hydrodynamic size range closely matches the primary material size range (Table 2). Table 1 

also shows material aspect ratio (length vs. diameter). All the nanocellulose materials 

showed negative zeta potentials, varying from −28.4 to −58.5 mV. In accordance with acid 

hydrolysis being able to remove amorphous (non-crystalline) cellulose domains, the 

progressive shortening of CNC size was accompanied by an incremental increase in the 

crystallinity index, as determined by X-ray diffraction (XRD) (Figure 1C). This 

demonstrated a crystallinity index of 88.9–92.3 % for CNCs compared to 69.3% for CNFs 

or 80% for CNC 280 (Figure 1D). Since the change in crystallinity is also accompanied by 

differences in the display of hydroxyl groups on the glucose backbone in nanocellulose, 

FTIR was used to assess the hydroxyl density of CNF 6.1 μm, CNC 1.1 μm, CNC 210 nm 

and CNC 210 nm (Figure 1E). Please note that only 4 materials were chosen for this analysis 

because of the abundant material requirements required to execute the procedure. FTIR 

analysis demonstrated that the acid-hydrolyzed CNC 210 nm had the highest hydroxyl 

density on the particle surface, with CNF 6.1 μm exhibiting the lowest density display 

(Figure 1F). Inductively coupled plasma optical emission spectrometry (ICP-OES) was used 
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to rule out the presence of metal impurities (e.g., Cu, Fe, Ni, Si, Ti, Zn etc.), alkaline 

minerals or salts (e.g., Na, Mg, K, Ca etc.) (Table S1). To ensure that the prepared materials 

are free of endotoxin contamination for biological experimentation, the entire panel was 

tested in an Amebocyte Lysate Assay, which demonstrated endotoxin levels < 1 EU/mL 

across the board (Figure S1, Supporting Information).

2.2. Nanocellulose length and aspect ratio impact the activity of the NLRP3 
inflammasome

Prior to assessing cellular uptake and impact on the NLRP3 inflammasome, cell viability 

was assessed on the nanocellulose materials in the human myeloid cell line, THP-1 (Figure 

2). THP-1 exposure to the phorbol ester, PMA, induces their differentiation into a 

macrophage-like phenotype, which provides a convenient in vitro test strategy to 

quantitatively assess the effect of HAR materials (e.g., carbon nanotubes, CeO2 nanorods 

and TiO2 nanobelts) on the NLRP3 inflammasome.[24–27, 29, 37] In contrast to the cytotoxic 

effects of ZnO nanoparticles (positive control), exposure to CNFs and CNCs failed to show 

any effect on cell viability, using MTS (Figure 2A) as well as ATP (Figure 2B) assays. We 

also conducted a test for cytotoxicity using the supernatants from the nanocellulose 

suspensions. No cytotoxic or immunogenic effects were observed for these supernatants 

(data not shown). In order to assess the cellular uptake and subcellular localization of the 

nanocellulose materials (not viewable by TEM), it was necessary to use CNC and CNF 

fluorescence labeling. This was accomplished by covalent attachment of fluorescein 

isothiocyanate (FITC) to the carbon backbone, using amination and conjugation chemistry, 

as explained in Figure 3A.[38] THP-1 cells were incubated with the FITC-labeled materials 

for 6 hr to follow cellular uptake. This demonstrated length-dependent cellular processing, 

with CNC 210 and CNC 280 nm showing demonstrable higher uptake than CNC 110 nm or 

CNF 6.1 μm (Figure 3B and Figure S2). Confocal microscopy was then used to determine 

the intracellular localization of the labeled materials in relation to the lysosomal 

compartment, identified by LAMP-1 staining (Figure 3C). The quantitative expression of the 

fluorescence overlap of FITC-labeled nanocellulose materials with the LAMP-1 liposomes, 

using ImageJ analysis, demonstrated that minimally 60% of the phagocytosed nanocellulose 

fibrils or crystals enter the lysosomal compartment (Figure 3D). Moreover, inter-material 

comparisons demonstrated a higher frequency of CNC 210 and CNC 280 nm co-localization 

with lysosomes compared to other length scales (Figure 3D).

The uptake of HAR materials with reactive surfaces (such as CNTs) in lysosomes is capable 

of damaging the organellar membrane.[26, 29, 30] Lysosomal damage can be followed by 

confocal microscopy, showing the release of cathepsin B from the organelle to the cytoplasm 

(Figure 4A). Cathepsin B can be detected by a fluorescent substrate, Magic Red, which 

yields a punctate red staining in intact lysosomes of non-treated cells (Figure 4B). However, 

exposure of THP-1 cells to a positive control HAR material, monosodium urate (MSU) 

crystals, could be shown to induce cathepsin B release from lysosomes, leading to diffuse 

Magic Red fluorescence in the cytoplasm (Figure 4B). Noteworthy, almost the entire panel 

of nanocellulose materials, with the exception of CNC 100 nm, could be shown to induce 

cathepsin B release from damaged lysosomes (Figure 4B).
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Since cathepsin B release acts as a stimulus for the assembly of NLRP3 inflammasome 

subunits, we assessed the effect of one of a structural component, caspase 1, on IL-1β 
release from pro-IL-1β in THP-1 cells (Figure 4C). This requires the differentiated THP-1 

cells to be primed with a low dose of LPS (10 ng/mL) to induce NF-κB activation and pro-

IL-1β expression. An IL-1β ELISA was used to demonstrate that most of CNFs and CNCs 

(with the exception of CNC 100 nm) could induce cytokine release to the cellular 

supernatant in a dose-dependent manner (Figure 4C). MSU served as a positive control. 

Moreover, the response was dependent on the length of the materials, with the 210 and 280 

nm CNCs capable of inducing significantly higher levels of IL-1β compared to longer CNFs 

or shorter CNCs (Figure 4D). As further confirmation for the involvement of the NLRP3 

inflammasome, we demonstrated that IL-1β release is significantly suppressed in NLRP3-

deficient (defNLRP3) or ASC-deficient (defASC) THP-1 cells, derived by gene knockdown 

(Figure 4E). We also confirmed the importance of cathepsin B release in activating the 

inflammasome by showing suppression of IL-1β production by a cathepsin B inhibitor, 

CA-074-methyl ester (Figure 4F). Likewise, we demonstrated that the caspase 1 inhibitor, z-

YVAD-fmk, could decrease IL-1β production (Figure 4G). All considered, these results 

show excellent correlation between the cellular uptake, lysosomal processing, organellar 

damage, cathepsin B release, NLRP3 inflammasome activation and IL-1β release in 

response to the 210 and 280 nm CNCs, compared to less robust activity of other length 

scales.

2.3. Crystallinity plays an important role in nanocellulose-induced reactive oxygen 
species (ROS) generation and oxidative stress.

Nanomaterial crystallinity and the display of reactive surface groups (e.g., hydroxyls) are 

additional physicochemical parameters that should be considered for investigating damage 

to the lysosomal membrane.[23, 39–43] An abiotic assay was used to spectrophotometrically 

determine the change in the fluorescence activity of 2’, 7’-dichlorofluorescein (DCF), which 

reflects the intrinsic capability of nanomaterials to induce ROS generation. This 

demonstrated a significant increase in DCF fluorescence intensity by all CNFs and CNCs 

compared to control, with the highest response being ascribed to the 210 nm CNCs (Figure 

5A). In order to assess the effect on cellular redox equilibrium, changes in THP-1 

glutathione (GSH) levels was assessed in a GSH-Glo assay. This demonstrated that the 210 

nm CNCs showed the most pronounced effects under biological conditions (Figure 5B and 

Figure S3). This is in good agreement with the results on NLRP3 inflammasome activation 

and IL-1β production in THP-1 cells. All considered, these results show that the variation of 

the surface hydroxyl content and surface reactivity as a function of the crystallinity of the 

material determines the lysosomal damage.

2.4. Nanocellulose materials impact IL-1β production and maturation in bone marrow 
derived dendritic cells (BMDCs)

To assess the relevance of the cellular effects in primary phagocytic cells, bone marrow-

derived dendritic cells (BMDCs) were prepared from the femurs of C57BL/6 mice (Figure 

6A). Dendritic cells (DCs) are professional antigen presenting cells (APCs) that are key to 

the induction of cognitive immune responses in vivo. First, we assessed the cytotoxic 

potential of the nanocellulose materials, demonstrating that neither the CNFs nor the CNCs 
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exert significant toxic effects on BMDCs (Figure S4). In order to determine how that may 

relate to DC function, including their maturation status as APC, we assessed major 

histocompatibility complex class II (MHC-II) and costimulatory receptor (CD40 and CD86) 

expression on CD11c+ cells, using a flow cytometry approach (Figure 6B–D). While all the 

CNFs and CNCs were capable of inducing MHC-II expression, the effects of the 210 and 

280 nm CNCs were significantly accentuated compared to most of materials except the 1.1 

μm CNC (Figure 6B). The vaccine adjuvant, alum, was used as a positive control in these 

experiments. More pronounced effects on CD40 and CD86 expression were observed with 

280 nm CNCs (Figure 6C and D). Similar to THP-1 cells, all the nanocellulose materials 

were capable of inducing IL-1β production in BMDCs (Figure 6E). However, in contrast to 

THP-1 cells, there were no statistical differences between CNFs and CNCs (Figure 6E). 

Taken together, these results demonstrate that CNFs and CNCs are capable of inducing 

BMDC maturation and IL-1β production.

2.5. Nanocellulose can be used as an adjuvant to boosting ovalbumin (OVA)-specific IgG 
production in mice

Based on the effects of CNCs and CNFs on cellular elements of the innate immune system, 

we asked whether these materials exert adjuvant effects that could be tested by a vaccination 

strategy in mice. Endotoxin-free OVA was injected into the peritoneum of C57BL/6 mice to 

assess the humoral immune response to this antigen in the absence or presence of the co-

injected nanocellulose materials. Serum collection two weeks after intra-peritoneal injection, 

demonstrated that all the CNFs and CNCs were capable of boosting the anti-OVA IgG 

response to a significant degree (Figure 7A). The response to the 210 nm CNCs was the 

highest. In contrast, there was no significant effect on the IgE antibody response to OVA 

(Figure 7B).

3. Discussion

In this communication, a panel of cellulose nanofibrils (CNFs) and cellulose nanocrystals 

(CNCs) was used to determine the effect of material size, aspect ratio, crystallinity, and 

surface reactivity in THP-1 macrophages and bone marrow-derived dendritic cells 

(BMDCs). We also used acid hydrolysis to increase the number of CNC length scales to be 

compared. While all CNFs and CNCs were devoid of cytotoxic effects in THP-1 cells, 

confocal microscopy and flow cytometry demonstrated length-dependent uptake of FITC-

labeled materials, showing more abundant uptake of the 210 and 280 nm CNCs into the 

lysosomal compartment, compared to longer and shorter CNF crystals. The subcellular 

association was associated with the increased propensity of CNCs in the 200–300 nm length 

scale to induce lysosomal damage, cathepsin B release, NLRP3 inflammasome activation 

and IL-1β production. Lesser effects were seen for CNFs. The higher crystallinity index, 

surface hydroxyl display, ROS generation and pro-oxidant potential of the 210 and 280 nm 

CNCs, provided by different preparation methods, correlate well with their propensity to 

enhance inflammatory responses. While there were less pronounced CNF and CNC 

differences in BMDCs, exposure to nanocellulose was associated with increased DC 

maturation. In addition, CNCs and to a lesser extent CNFs boosted the anti-OVA immune 

response in a murine immunization model. The more robust IgG responses were obtained 
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with the 210 nm, 280 nm and 1.1 μm CNCs. In summary, these results show that the 

crystallinity and surface reactivity of nanocellulose could at least partially explain the strong 

pro-inflammatory and pro-immunogenic effects in vitro and in vivo of CNCs in the 200–300 

nm length scale.

We used the acquisition and characterization of a panel of CNFs and CNCs to establish new 

structure–activity relationships for nanocellulose aspect ratio, crystallinity, and hydroxyl 

content in macrophages and dendritic cells. Our results demonstrate that aspect ratio and 

length play determinant roles in cellular uptake and lysosomal localization in THP-1 (Figure 

3). This was accomplished by using FITC-labeled materials to show that 210 nm and 280 

nm CNCs are taken up in lysosomes in higher abundance than longer or shorter CNCs and 

CNFs. This is in keeping with experimental studies and in silico modeling, demonstrating 

that phagocytic processing of HAR nanomaterials by macrophages is dependent on material 

shape, length, aspect ratio, and contact angle.[44–47] Interestingly, the phagocytic uptake and 

immune adjuvant effects of aluminum oxyhydroxide (AlOOH) nanorods were also more 

pronounced for materials in the 200–300 nm length scale, similar to the CNCs.[22, 23] 

Moreover, similar to ALOOH, the pro-inflammatory and immunogenic effects of 

nanocellulose were affected by the surface hydroxyl display on CNCs and CNFs.[22, 23] The 

surface properties are associated with ROS generation, as demonstrated by the abiotic DCF 

assay (Figure 5A). It is also possible that the ROS generation could result from lysosome 

damage, e.g., the release of free Fe2+ triggering a Fenton reaction and/or perturbation of 

mitochondrial electron transfer. The notion that oxidative stress plays a role in the biological 

outcome in macrophages was substantiated by GSH depletion (Figure 5B). These results are 

compatible with the findings of Shvedova et al., who demonstrated that the ROS generation 

and GSH depletion is involved in the oxidative damage, and pro-inflammatory effects of 

CNCs in A549 cells.[20]

The lysosome appears to be an important intracellular target for the pro-inflammatory effects 

of CNFs and CNCs, similar to what we have observed for HAR materials with reactive 

surfaces, such as carbon nanotubes and AlOOH.[22, 23, 28, 29] Lysosome damage leads to 

cathepsin B release, NLRP3 inflammasome activation and IL-1β production, which plays an 

important role in the pro-fibrogenic effects of carbon nanotubes in the lung as well as the 

adjuvant effects of AlOOH in the immune system.[22, 23, 28, 29, 48] In addition to confirming 

the involvement of the NLRP3 inflammasome in THP-1 cells, we demonstrated a robust 

effect of CNCs and CNFs on BMDC maturation and IL-1β production, allowing us to 

confirm in an animal vaccination experiment that nanocellulose materials can boost the IgG 

response to OVA in a mouse model (Figures 6 and 7). In fact, the response to the 210 nm 

CNC was as robust as the effect of alum. These results confirm the narrow divide between 

nanomaterial properties that can determine hazardous vs. advantageous use outcomes. The 

demonstration of the possible use of nanocellulose as a vaccine adjuvant is a novel 

discovery.[9, 10, 12]

How do these data contribute to our knowledge of nanocellulose safety? While currently 

there are no published data revealing a safety concern for nanocellulose in the workplace or 

in consumer products, experimental evidence has been collected for the potential hazardous 

effects of CNCs and CNFs.[3, 13–15, 18–21, 36, 49, 50] While most cellular studies have 
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addressed cytotoxicity, inflammation and genotoxicity, which can be related to differences in 

the cellular uptake of CNCs vs. CNFs or their ability to generate oxidative 

stress[13–15, 20, 21], most in vivo studies have focused on the effects in the lung and the 

reproductive system.[18–20, 36, 49, 50] For instance, pulmonary exposure to CNCs is capable 

of generating dose-dependent pro-inflammatory effects and oxidative stress, while CNFs are 

capable of inducing TH1 polarizing effects in the lung.[20, 36] Moreover, pulmonary CNC 

exposure can exert systemic effects, e.g., influencing sperm counts, mobility, and DNA 

strand breaks in the male reproductive system.[49, 50] We significantly extend these 

observations by providing structure-activity relationships, demonstrating the importance of 

crystallinity, length, and surface hydroxyl density as important material characteristics that 

underpin pro-inflammatory and immunogenic effects in the innate immune system. 

Moreover, we demonstrate that this information can be used to develop new nanocellulose 

adjuvants for boosting the immune system.

4. Conclusion

In this paper, we demonstrate the use of a panel of CNFs and CNCs with defined size, 

crystallinity, and hydroxyl content for mechanistic discovery in macrophages and dendritic 

cells. This information was used to better understand nanocellulose interactions with innate 

immune system, where the ability to perturb macrophage and DC function could be used to 

boost the innate immune response in intact animals. Our data show that in the 200–300 nm 

length range, CNCs display the optimum crystalline and surface reactive properties for 

induction of oxidative stress, lysosomal damage, NLRP3 inflammasome activation, and 

IL-1β production. These structure-activity relationships are useful for implementing hazard 

screening of nanocellulose, as well as use of these materials to develop new vaccine 

adjuvants.

5. Experimental Section

Acquisition and Synthesis of Cellulose Samples:

Two CNFs and one CNC were obtained from The National Institute of Environmental 

Health Sciences (NIEHS) Nanomaterials Health Implications Research (NHIR) Consortium, 

while another CNF was purchased from the Process Development Center at University of 

Maine. Acid hydrolysis of Whatman No. 1 filter paper was used to expand the range of CNC 

length scales.[51] The Whatman filter paper was cut into 1 × 1 cm squares before use. The 

hydrolysis procedure was performed at 45 °C, using a fixed ratio of the filter paper to 64% 

(w/v) sulfuric acid at 1:8.75 (g/mL) for time periods ranging from 10 min to 16 hrs. 

Following hydrolysis, the pH of the final suspension was brought to pH 7.0, without further 

treatment.

Physicochemical Characterizations of Cellulose Library:

Stock suspensions of CNFs and CNCs were prepared at 5 mg/mL in deionized water by 

vortexing and bath sonication for 15 mins in a water bath sonicator (Branson 2510), using 

100 W output power and 42 kHz frequency. These samples were further diluted to 50 μg/mL 

and sonicated in deionized water or RPMI cell culture medium, supplemented with 10% 
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FBS.[52] These suspensions were used for the physicochemical characterization to determine 

primary diameter, length, and aspect ratio, using transmission electron microscopy (TEM, 

JEOL 1200 EX) at an accelerating voltage of 80 kV. The samples were negatively stained 

with 2 wt % uranyl acetate solution prior to TEM viewing. TEM analysis was performed by 

placing a drop of the suspension in DI water at 50 μg/mL on a 400 mesh Cu TEM grid, 

followed by evaporation at room temperature. The hydrodynamic size and surface charge of 

the CNFs and CNCs at 50 μg/mL were assessed in a ZetaPALS (Brookhaven Instruments) 

particle sizer and zeta potential analyzer in deionized water or RPMI medium. The zeta 

potential was derived using the Helmholtz-Smoluchowski equation based on the 

measurements of the electrophoretic mobility of nanocellulose. Fourier transform infrared 

(FTIR) spectra were obtained by FTIR spectrometer (JASCO FTIR-420) using a KBr (FTIR 

grade, Sigma) pelleting technique. The OH spectra on selected nanocellulose surfaces was 

calculated according to the following equation:[53]

Relative OH Ratio in Cellulose =
AOH

m

where m is weight (mg) of cellulose and AOH is area (cm−1) under the curve of the OH 

stretch band ~3350 cm−1). For XRD analysis, the stock solution was vortexed for 15 secs, 

and then 0.5 mL of the suspension was placed on the zero background substrates. 

Measurement was performed on dry sample and XRD spectra were recorded using a 

Panalytical X’Pert Pro diffractometer (Cu Kα radiation) with a step size of 0.02° and a 

counting time of 0.5 s per step over a range of 10°−50° 2θ. The crystallinity index (CI) of 

cellulose was calculated by the equation:[54]

CI % =
I200 − IAM

I200
× 100

where I200 is the peak intensity from the (200) lattice plane (2θ=22.5°) and IAM is the peak 

intensity of the amorphous phase (2θ=19.0°).

Impurity Analysis:

Inductively coupled plasma optical emission spectrometry (ICP-OES, ICPE-9000, 

Shimadzu, Japan) analysis was performed to detect the trace amount of impurities in the 

nanocellulose samples. The freeze-dried cellulose was digested with 3 mL of a concentrated 

HNO3 (65–70%, Trace Metal Grade, Fisher Scientific) with supplement of 1 mL of H2O2 

(30%, Certified ACS, Fisher Scientific) at 180 °C for 3 h in a Teflon-lined stainless steel 

autoclave. These extracts were diluted with 2 % (v/v) nitric acid to reach a final volume of 8 

mL for analysis. There was no impurity present in the nanocellulose samples by ICP-OES 

analysis.

Cell Culture:

Human THP-1 cells were grown in RPMI-1640 media supplemented with 10% fetal bovine 

serum (FBS), 100 U/100 μg per mL of penicillin-streptomycin and 50 μM beta-

Wang et al. Page 10

Small. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mercaptoethanol. NLRP3-deficient (defNLRP3) and ASC deficient (defASC) THP-1 cells 

(InvivoGen, San Diego, CA) were grown in RPMI-1640 media, supplemented with 10% 

(v/v) FBS, 200 μg/mL HygroGold, and 100 μg/mL Normocin. BMDCs were prepared from 

the bone marrow of female C57BL/6 mice, using a protocol described by Williams et al.[55] 

Briefly, bone marrow precursor cells were collected from the femurs and tibiae of female 

C57BL/6 mice and cultured in RPMI-1640 containing 10% (v/v) FBS, 10 μg/mL of 

gentamicin, 250 ng/mL amphotericin B, 50 μM β-ME, 20 mM HEPES and 2 mM L-

glutamine. Cells were grown in a volume of 4 mL in a 6-well plate at 5 × 105 cells/well. The 

culture media was replenished with 25 ng/mL GM-CSF on day 1. Two days later, the cells 

were treated with a combination of 20 ng/mL of GM-CSF and 10 ng/mL of IL-4, and the 

medium was replenished every other day. The immature BMDCs were collected on day 8 

and washed with PBS before use.

Dosimetry planning:

In the absence of realistic exposure data, the in vitro experimentation was carried out using a 

mass-dose range of materials ranging from 37.5 to 300 μg/mL to assess cytotoxicity and 

IL-1β production. Because none of the nanocellulose materials showed evidence of 

cytotoxicity, additional parameters were assessed at the higher non-cytotoxic dose range, 

making it easier to compare material categories for performance characteristics such as 

oxidative stress, etc.

Cytotoxicity Assessment:

The cellulose stock suspensions were first prepared in DI H2O at 5 mg/mL. THP-1 cells 

were obtained from ATCC (Manassas, VA). The cells were pretreated with 1 μg/mL phorbol 

12-myristate acetate (PMA) overnight and primed with 10 ng/mL lipopolysaccharide (LPS). 

Aliquots of 3 × 104 primed cells were cultured in 0.1 mL medium with cellulose 

nanoparticles in 96-well plates (Costar, Corning, NY, USA) at 37 °C for 24 h. In order to 

provide well-suspended nanoparticles in biological media, all the cellulose suspensions were 

freshly prepared by adding a desired amount of the stock suspensions to RPMI 1640 media 

at 37.5–300 μg/mL in the presence of 10 % fetal bovine serum (FBS). After 24 h of culture, 

the supernatants were collected for the measurement of IL-1β (BD Biosciences, San Diego, 

CA) using an ELISA kit according to manufacturer’s instructions. The cytokine 

concentration was expressed in pg/mL. The remaining cells were treated with 120 μL culture 

medium containing 16.7% MTS (CellTiter 96 Aqueous, Promega Corp) stock solution for 

0.5 h at 37 °C in a humidified 5 % CO2 incubator. The plates were centrifuged at 2000 g for 

10 min in a NI Eppendorf 5430 with a microplate rotor to pellet the cell debris. Eighty five 

μL aliquots of the supernatants were transferred to fresh 96 multiwell plates. Formazan 

absorbance was read at 490 nm on a SpectraMax M5 microplate reader (Molecular Devices 

Corp., Sunnyvale, CA, USA).

Use of flow cytometry to quantify nanoparticle cellular uptake:

Fluorescein isothiocyanate (FITC) labeled cellulose was synthesized using a published 

protocol.[38] First, 4.5 mL of the CNC suspension (containing 50 mg of material) was 

transferred into a glass flask, followed by the addition of 500 μL of a 10 M NaOH solution 

while stirring. Eighty μL of epichlorohydrin (AR, Sigma) was added to the mixture and the 
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temperature was increased to 60 °C for 1.5 h. The mixture was cooled and centrifuged. The 

epoxy-activated CNC pellet was dispersed in 5 mL of DI water and the suspension 

transferred into a glass flask. Amination of the CNC was carried out by adding 250 μL of an 

ammonium hydroxide solution (NH4OH, 28–30 wt%, Sigma), while stirring at 60 °C for 3 

h. The mixture was cooled down and centrifuged to obtain the aminated CNC (CNC-NH2) 

for conjugation to FITC. The labeling of CNC-NH2 was carried out in 0.08 M of sodium 

borate buffer (pH 8.3). 50 mg of CNC-NH2 was suspended in 5 mL buffer and transferred to 

a wrapped glass vial. While stirring, 16.8 mg FITC (90%, Acros) was added to the 

suspension and the reaction was carried out at RT overnight. The mixture was purified by 

centrifugation, and the FITC-labeled CNC was stored at 4 °C for further use. For the 

performance of flow cytometry, 2 mL of THP-1 cells was plated at a density of 4 × 105 per 

well in a 12-well plate in the presence of 1 μg/mL PMA for 16 h. The medium was 

replenished, and the differentiated THP-1 cells exposed to cellulose nanoparticles in the 

presence of LPS (10 ng/mL) for 6 h. Cells were washed and resuspended in PBS for flow 

cytometry analysis, in a FACScan flow cytometer (Becton Dickinson). The data were 

analyzed by FlowJo software (Ashland, OR).

Confocal microscopy to assess lysosomal damage through cathepsin B release:

Differentiated THP-1 cells were exposed to cellulose nanoparticles (300 μg/mL) for 6 h in 

an 8-well chamber at 1 × 106 cells/400 μL medium at 37 °C in a 5% CO2 atmosphere. The 

cells were washed twice with PBS and stained with 420 μL of a Magic Red 

(Immunochemistry Technologies, Bloomington, MN) solution for 1 h under similar 

incubation conditions. The cells were washed twice with PBS and fixed in 4% 

paraformaldehyde for 15 min. The cells were subsequently stained for 20 min with 10 μM 

Hoechst 33342 (Invitrogen, Carlsbad, CA) and 1 μg/mL of WGA-Oregon Green 488 

conjugate (Invitrogen, Carlsbad, CA) at room temperature. The cells were washed twice 

with PBS and examined using a Leica Confocal SP2 1P-FCS microscope (Advanced Light 

Microscopy/Spectroscopy Shared Facility, UCLA). High-magnification images were 

obtained with a 63 × objective (Leica, N.A. = 1.4). The cell samples were scanned four 

times to obtain an average. Images were processed using Leica Confocal Software.

Abiotic quantification of ROS generation by 2’, 7’-dichlorofluorescein (H2DCF):

Abiotic ROS generation was assessed by preparing H2DCF working solution, dissolving 50 

μg of the dye in 17.3 μL ethanol. To facilitate cleavage of the diacetate group, 692 μL of 0.01 

M sodium hydroxide was introduced to the solution, and the mixture placed at room 

temperature for 30 min. After 3.5 mL of sodium phosphate buffer (pH= 7.1) was added to 

neutralize the reaction, 25 μg/mL of cellulose nanoparticles were incubated with 29 μmol/L 

H2DCF for 3 hr in a volume of 100 μL in a 96-well plate at room temperature. We took 60 

μL of the stock suspension to prepare a nanocellulose suspension at 300 μg/mL in H2DCF 

solution. The suspension was diluted to 25 μg/mL to perform the measurement. The 

fluorescence intensity was measured at Ex492/Em527 nm in a SpectraMax M5 microplate 

reader (Molecular Devices, Sunnyvale, CA).

Wang et al. Page 12

Small. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Determination of intracellular GSH content:

A GSH-Glo assay kit (Promega, Madison, WI) was used to determine the intracellular GSH 

levels during incubation of THP-1 cells with 37.5, 75, 150, 300 μg/mL cellulose 

nanoparticles in a 96-well plate at 37 °C and 5% CO2 for 6 h. The cellular supernatant was 

removed and 100 μL of GSH-Glo reaction buffer containing Luciferin-NT and glutathione 

S-transferase was added to each well in the plate and incubated at room temperature for 30 

min. Following the addition 100 μL of Luciferin D to each well, the plate was incubated 

with constant shaking for another 15 min at room temperature. The luminescent signal was 

quantified using a SpectraMax M5 microplate reader (Molecular Devices; Sunnyvale, CA).

Analysis of BMDC maturation and cytokine production by cellulose nanoparticles:

BMDCs were exposed to cellulose nanoparticles at 300 μg/mL for 16 h before assessment of 

the expression of maturation markers (MHC-II, CD86, CD80, and CD40) on the cell 

surface. The expression of these markers was determined by flow cytometry using anti-

CD11c PE plus one of the following FITC-labeled antibodies: anti-MHC-II, anti-CD86, 

anti-CD80, or anti-CD40.[23] Briefly, cells were exposed to blocking monoclonal antibodies 

(CD16/CD32) for 10 min on ice. After washing, cells were incubated with monoclonal 

antibodies for 30 min at 4 °C. The cells were analyzed using a FACScan flow cytometer 

(Becton Dickinson), and the data analyzed using FlowJo (Ashland, OR). For cytokine 

production, the BMDCs were treated with LPS (10 ng/mL) for 16 h before the addition of 

cellulose nanoparticles (300 μg/mL). The cells were treated for 8 h, and supernatants were 

collected for quantification of IL-1β by ELISA. IL-1β was measured by the mouse ELISA 

sets (BD Biosciences; San Diego, CA) according to the manufacturer’s protocols.

Animal vaccination using cellulose nanoparticles and OVA:

Eight-week old female C57BL/6 mice were purchased from Charles River Laboratories 

(Hollister, CA). All animals were housed under standard laboratory conditions established 

by UCLA guidelines for care and ethical treatment of laboratory animals, including the use 

of the NIH Guide for the Care and Use of Laboratory Animals in Research (DHEW78–23). 

Our protocols were approved by the Chancellor’s Animal Research Committee at UCLA 

and include standard operating procedures for animal housing (filter-topped cages; room 

temperature at 23 ± 2 °C 60% relative humidity; 12 h light, 12 h dark cycle) and hygiene 

status (autoclaved food and acidified water). The procedure and dosimetry of animal 

exposure to cellulose nanoparticles were referenced to previously studies.[22, 23, 56–58] 

Briefly, test animals were treated with endotoxin-free OVA (400 μg) or OVA/cellulose 

nanoparticles (400 μg/2 mg) via intraperitoneal (i.p.) injection on day 0. On day 7, the 

animals were i.p. treated with endotoxin-free OVA (200 μg). After animal sacrifice on day 

14, blood samples were collected by cardiac puncture after pentobarbital anesthesia (0.1 mL 

of 50 mg/kg via i.p.). The mouse chest was opened and the blood was drawn by using a 21G 

needle and a 1 mL heparin-treated syringe. The serum was separated by centrifugation in a 

CAPIJECT blood collection tube (Terumo, Somerset, NJ) for 5 min (1500 rpm) and used for 

quantifying anti-OVA IgG and IgE titers by ELISA. Briefly, the blocked ELISA plate was 

coated with 50 μg/mL of OVA, followed by overlay of diluted serum samples and the 
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addition of biotin-conjugated rat anti-mouse IgG or IgE antibodies (BD Biosciences, San 

Diego, CA).[23]

Statistical Analysis:

All the Statistical analysis represent mean±SD. Statistical significance was determined by 

two-tailed Student’s t test for two-group analysis or one-way ANOVA for multiple group 

comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization and TEM images of nanocellulose.
(A) Schematic to explain crystalline and amorphous nanocellulose domains, as well as 

enrichment of the crystalline phase by acid hydrolysis. We also show representative TEM 

images, obtained in a JEOL 1200 EX TEM, of consortium-provided CNF 6.1 μm, CNF 6.7 

μm and CNC 280, as well as CNC 100 nm obtained from the University of Maine. (B) 

Schematic to show the preparation of intermediary length CNCs from Whatman #1 filter 

paper, using acid hydrolysis. The lower panel shows the representative TEM images, 

showing progressive decrease in nanocrystals length with increased hydrolysis time. (C) X-

ray powder diffraction (XRD) patterns to show the changes in the crystallinity structure of 

nanocellulose materials with acid hydrolysis. (D) XRD-derived crystallinity indices of CNC 

and CNF samples from the Consortium (black) or in-house derived by acid hydrolysis (red). 

The crystallinity index was calculated according to the equation listed in the Experimental 
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section. (E) Transmission FTIR spectra of CNF 6.1 μm, CNC 1.1 μm, CNC 210 nm and 

CNC 100 nm for quantitative assessment of surface –OH expression on nanocellulose. (F) –

OH ratios on surface of selected nanocellulose materials calculated according to the 

equation listed in the Experimental section.
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Figure 2. Cellular viability assessment in THP-1 cells exposed to cellulose nanofibrils and 
nanocrystals.
(A) Use of a MTS assay in THP-1 cells, grown in 96-well plates before exposure to 37.5, 75, 

150, and 300 μg/mL of each of the nanocellulose materials. The culture medium was 

replaced after 24 h with 120 μL aliquots of the MTS working solution. After incubation for 

0.5 h, the plates were centrifuged to collect supernatants that were used for assessment of 

absorbance at 490 nm in a SpectroMax M5e microplate reader. All the MTS values were 

normalized vs. non-treated controls representing 100% cell viability. (B) Use of an ATP 

assay to assess the cell viability of THP-1 cells, using the same protocol as in (A). *p < 0.05 

compared to control.
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Figure 3. Cellular uptake and subcellular localization of nanocellulose in THP-1 cells.
(A) Schematic representation of the synthetic chemistry used to obtain FITC-labeled 

nanocellulose. (B) Flow cytometry analysis (FACS Calibur, BD Biosciences) to determine 

CNF and CNC uptake in THP-1 cells, which were exposed to the FITC-labeled materials at 

300 μg/mL for 6 h; * p <0.05 compared to control. (C) Confocal microscopy to follow the 

intracellular localization of FITC-labeled nanocelluloses at 300 μg/mL in relationship to 

LAMP-1 (lysosomal compartment) and Hoechst 33342 (nucleus). THP-1 cells were 

collected after 6 h, fixed, permeabilized, and stained with Alexa 488-labeled LAMP-1 

antibody and Hoechst 33342. Following image acquisition with a Confocal SP8-SMD 

microscope, the percent particle co-localization with LAMP-1 was quantified by Image J 

software (D). Non-treated cells were used as a control.
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Figure 4. NLRP3 inflammasome activation and IL-1β release as a result of lysosomal injury in 
THP-1 cells.
(A) Schematic representation to demonstrate how injury to the lysosomal membrane by 

nanocellulose materials could induce cathepsin B release, and NLRP3 inflammasome 

activation. (B) Confocal microscopy demonstrating the effects of nanocellulose on cathepsin 

B release in THP-1 cells. Cathepsin B release from damaged lysosomes was identified by 

Magic Red staining. THP-1 cells were incubated with 300 μg/mL nanocellulose for 24 h. 

After fixation and permeabilization, cells were stained with Magic Red (ImmunoChemistry 

Technologies) and Hoechst 33342 dye, followed by visualization under a confocal 1P/FCS 
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inverted microscope. MSU crystals at 100 μg/mL were used as a positive HAR control 

material that induces lysosomal damage. This leads to diffuse intracellular release of the red 

fluorescent dye compared to the punctate staining pattern of intact lysosomes in control 

cells. (C) Dose-dependent IL-1β production in THP-1 cells exposed to nanocelluloses. 

THP-1 cells were exposed to 37.5, 75, 150, and 300 μg/mL of each of the cellulose 

suspensions for 24 h. IL-1β levels were determined in the supernatants collected by ELISA. 

*p < 0.05 compared to control. (D) Assessment of IL-1β production by nanocelluloses at 

300 μg/mL using ELISA in the supernatants of the cells shown in Figure 4C. (E) The 

involvement of the NLRP3 inflammasome was confirmed by using NLRP3 deficient 

(NLRP3−/−) and ASC deficient (ASC−/−) THP-1 cells. (E) The cathepsin B inhibitor, 

CA-074 methyl ester, and (F) the caspase 1 inhibitor, z-YVAD-fmk, were used to confirm 

the involvement of cathepsin B and caspase-1 in nanocellulose-triggered inflammasome 

activation. *p<0.05 compared to the response in THP-1 cells in the absence of the inhibitors; 

# p < 0.05 for pairwise comparisons as shown.
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Figure 5. Abiotic ROS generation and cellular glutathione (GSH) depletion induced by 
nanocellulose.
(A) Abiotic assessment of ROS generation, as determined in a DCF assay. 29 μmol/L DCF 

was incubated with each of the nanocellulose materials at 300 μg/mL for 6 h. Fluorescence 

emission was collected with excitation at 490 nm. A redox-active Co3O4 nanoparticle was 

used as a positive control. (B) Cellular GSH depletion in THP-1 cells was conducted by 

using luminescence-based GSH-Glo assay. THP-1 cells were exposed to 300 μg/mL of 

nanocellulose materials for 6 h. Co3O4 nanoparticle was used as a positive control. GSH 

levels were expressed as a percentage of the luminescence intensity compared to control 

cells. * p < 0.05, compared to control.
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Figure 6. Assessment of the maturation and IL-1β production in mouse bone marrow-derived 
dendritic cell (BMDC) in response to nanocellulose exposure.
(A) Schematic to explain the assessment of the immunostimulatory effects of nanocellulose 

materials in BMDC, in vitro and in vivo. Flow cytometry was used to determine the surface 

membrane expression of (B) MHC-II, (C) CD40 and (D) CD86, on CD11c+ cells, following 

exposure to 300 μg/mL nanocellulose materials for 16 h. (E) IL-1β production (ELISA) in 

response to the exposure to 300 μg/mL of each of the nanocellulose materials for 16 h. *p < 

0.05 compared to control.
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Figure 7. Adjuvant effect of nanocelluloses on anti-OVA humoral immunity in mice.
Balb/c mice were treated with OVA or OVA/cellulose by intraperitoneal injection on day 0, 

followed by an OVA boost on day 7 and animal sacrifice on day 14. Blood was collected for 

the determination of serum (A) IgG and (B) IgE titers to OVA, using an ELISA procedure.
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Table 1.

Primary diameter, length aspect ratio and source of cellulose nanofibrils and nanocrystals.

Sample Diameter (nm) Length (nm) * Aspect Ratio Source

CNF 6.7 μm 38.7 ± 33.4 6.7×103 ± 3.2×103 158.9 ± 95.8 Consortium

CNF 6.1 μm 72.6 ± 63.6 6.1×103±2.7×103 83.9 ± 37.6 Consortium

CNC 280 nm 22.4 ± 7.2 279.1 ± 116.3 12.5 ± 5.2 Consortium

CNC 100 nm 15.4 ± 4.3 93.1 ± 45.0 6.0 ± 2.9 Maine

CNC 3.6 μm 23.8 ± 29.2 3.6×103±4.1×103 151.8 ± 171.7 Acid hydrolysis

CNC 1.1 μm 23.3 ± 21.8 1.1×103± 1.0×103 49.4 ± 44.7 Acid hydrolysis

CNC 210 nm 18.6 ± 5.7 210.9 ± 164.5 11.4 ± 8.9 Acid hydrolysis

CNC 150 nm 18.2 ± 5.1 153.4 ± 59.5 8.4 ± 3.3 Acid hydrolysis

CNC 110 nm 17.8 ± 5.8 112.4 ± 53.2 6.3 ± 3.0 Acid hydrolysis

*
P<0.001 between groups analyzed by ANOVA.
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Table 2.

Hydrodynamic size and zeta potential of cellulose nanofibrils and nanocrystals.

Sample
Hydrodynamic Size

(nm) in DI H2O
ζ-potential (mV)

in DI H2O
Hydrodynamic Size

(nm) in RPMI
ζ-potential (mV)

in RPMI

CNF 6.7 μm 36.2×103 ± 16.8×103 −30.9 ±0.2 46.4×103 ± 12.6×103 −13.4 ± 1.0

CNF 6.1 μm 24.1×103 ± 4.2×103 −28.4 ± 0.7 21.2×103 ± 10.9×103 −11.4 ±1.3

CNC 280 nm 1.5×103 ± 446.7 −31.5 ± 0.6 797.4 ± 413.5 −15.9 ± 2.8

CNC 100 nm 104.4 ± 2.5 −47.3 ± 2.2 309.2 ± 10.8 −14.2 ± 1.8

CNC 3.6 μm 1.9×103 ± 97.3 −33.5 ± 1.8 5.0×103 ± 1.8×103 −11.8 ± 3.6

CNC 1.1 μm 715.3 ± 72.7 −42.5 ± 1.5 1.3×103 ± 116.4 −10.1 ± 2.5

CNC 210 nm 209.3 ± 3.3 −50.5 ± 1.6 711.3 ± 80.5 −14.7 ± 2.5

CNC 150 nm 175.4 ±2.2 −58.5 ± 4.8 593.8 ± 76.5 −11.5 ± 1.0

CNC 110 nm 108.6 ±0.5 −50.1 ± 2.7 262.8 ± 53.7 −14.3 ± 1.3
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