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Abstract

Chronic inflammatory disorders such as rheumatoid arthritis are characterized by excessive pro-

inflammatory or “M1” activation of macrophages, the primary cells of the innate immune system. 

Current treatments include delivery of glucocorticoids (e.g. dexamethasone – Dex), which reduce 

pro-inflammatory M1 behaviour in macrophages. However, these treatments have many off-target 

effects on cells other than macrophages, resulting in broad immunosuppression. To limit such side 

effects, drug-incorporated nano- and microparticles may be used to selectively target macrophages 

via phagocytosis, because of their roles as highly effective phagocytes in the body. In this study, 

surface-modified nanodiamond (ND) was explored as a platform for the delivery of 

dexamethasone to macrophages because of ND’s rich surface chemistry, which contributes to 

ND’s high potential as a versatile drug delivery platform. After finding that octadecylamine-

functionalized nanodiamond (ND-ODA) enhanced adsorption of Dex compared to carboxylated 

ND, the effects of Dex, ND-ODA, and Dex-adsorbed ND-ODA on primary human macrophage 

gene expression were characterized. Surprisingly, even in the absence of Dex, ND-ODA had 

strong anti-inflammatory effects, as determined by multiplex gene expression via NanoString and 

by protein secretion analysis via ELISA. ND-ODA also inhibited expression of M2a markers yet 

increased the expression of M2c markers and phagocytic receptors. Interestingly, the adsorption of 

Dex to ND-ODA further increased some anti-inflammatory effects, but abrogated the effect on 

phagocytic receptors, compared to its individual components. Overall, the ability of ND-ODA to 

promote anti-inflammatory and pro-phagocytic behaviour in macrophages, even in the absence of 

loaded drugs, suggests its potential for use as an anti-inflammatory therapeutic to directly target 

macrophages through phagocytosis.

Introduction

Macrophages are innate immune cells that exhibit a broad range of behaviours, allowing 

them to act as key players in all aspects of the immune response, including tissue repair and 
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disease. For example, in the normal healing response to an injury, pro-inflammatory M1 

macrophages stimulate the inflammatory cascade, which signals the start of the healing 

process.1 2–3 days post-injury, M1 macrophages switch to the pro-healing/anti-

inflammatory M2 phenotype.2 The M2 phenotype can be further divided into two major 

subgroups, each playing a distinct role in tissue repair: M2a macrophages, which are 

involved in tissue synthesis and maturation,3 and M2c macrophages, which are involved in 

the phagocytosis and clearance of apoptotic cells.4,5 The M2c phenotype is also believed to 

be involved in tissue remodelling and angiogenesis at early stages of wound healing.5 While 

it is now understood that macrophages exist in vivo on a spectrum of diverse phenotypes, 

including hybrid phenotypes, biomaterials that can modulate macrophage phenotype toward 

a particular set of behaviours would be highly beneficial for orchestrating tissue repair 

through the body’s natural healing mechanisms.

Chronic inflammatory conditions such as rheumatoid arthritis and chronic diabetic ulcers are 

associated with excessive M1 activation of macrophages.6–9 These chronic M1 macrophages 

overproduce inflammatory cytokines, leading to the destruction of surrounding tissues, and, 

consequently, chronic pain.8 Therefore, strategies that inhibit M1 polarization can be used to 

treat chronic inflammation.10,11 Moreover, biomaterials that promote the M2a or M2c 

phenotype may promote specific aspects of tissue repair through the actions of host 

macrophages. Conversely, an extended presence of M2a macrophages can also be 

detrimental. As part of the foreign body response to an implanted biomaterial, macrophages 

exhibiting characteristics of both M1 and M2a phenotypes fuse together to form 

multinucleated giant cells that promote fibrous capsule formation around the implant.12,13 

As a result, the implant is isolated from the rest of the body, thus leading to a lack of 

biointegration and ultimately failure.14 Therefore, it is essential to strategically engineer 

biomaterials that promote or inhibit specific phenotypes of macrophages to restore a balance 

in their behaviour.

Delivery of glucocorticoids like dexamethasone (Dex) has been employed to reduce both 

M1-mediated inflammation and fibrous capsule formation15–17 as well as enhance 

phagocytosis of apoptotic cells18,19 and bacteria.20 However, glucocorticoid receptors are 

found in the cytoplasm of nearly all cells. Consequently, glucocorticoids react with many 

different cell types and produce off-target effects, including decreased drug accumulation at 

the affected site and broad suppression of the adaptive immune system by inducing 

lymphocyte apoptosis.21,22 Therefore, there is a need to develop a targeted drug delivery 

system that specifically delivers Dex to macrophages in order to effectively increase drug 

potency and reduce off-target effects. Because macrophages are highly phagocytic cells, 

delivering these drugs via nano- or microparticles is potentially an efficient way to target 

macrophages.23

Detonation nanodiamond (ND) is a commercially-available carbon nanomaterial24 that has 

attracted much attention from the biomedical field because of its many unique material 

properties, including its small primary particle size (~5 nm), rich surface chemistry, and 

cytocompatibility with various cell lines.25–27 As a result, ND has successfully demonstrated 

its ability to mechanically strengthen biopolymers28,29 and function as a platform for the 

delivery of therapeutics with diverse chemistries.26,30–33 While several studies have 
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investigated the use of drug-loaded ND as an anti-inflammatory agent, the effects of ND on 

macrophage behaviour are poorly understood; some reports indicate no effects on 

inflammatory gene expression,34–37 but at least one report shows reduced expression of 

inflammatory cytokines by murine macrophages.38 The response of human macrophages, 

which can behave very differently from murine macrophages,39 to ND has not been 

investigated. Thus, the purpose of this study was to evaluate ND as a platform for the 

delivery of Dex to macrophages, including its direct effects on human macrophage 

behaviour.

Carboxylated ND (ND-COOH) has been previously used as a drug delivery vehicle for 

Dex.32,37 Huang et al.37 assessed the effects of Dex-adsorbed ND-COOH-embedded 

polymer film on M1-like RAW 264.7 murine macrophages. Their results showed that Dex’s 

bioactivity was retained, in that the expression of several pro-inflammatory genes (Tnf, Il6, 

and Nos2) was significantly downregulated, indicating that Dex’s bioactivity was retained. 

The effects of the recently described octadecylamine-functionalized ND (ND-ODA),40 with 

or without Dex loading, are yet to be explored. Compared to ND-COOH, which is 

negatively charged and hydrophilic, ND-ODA is slightly positively charged and 

hydrophobic,40 and thus would be expected to have major effects on both Dex adsorption as 

well as macrophage behaviour.41,42 Indeed, uptake of highly negatively charged 

microparticles has been shown to induce macrophage apoptosis.43 Thus, the goal of this 

study was to determine how ND-ODA and Dex-loaded ND-ODA affect human 

macrophages, including those that are first polarized to phenotypes associated with tissue 

healing and disease (M1 and M2a). We investigated the adsorption of Dex onto both ND-

COOH and ND-ODA, and then characterized the response of primary human M0, M1, and 

M2a macrophages to Dex, ND-ODA, and Dex-loaded ND-ODA using gene expression of a 

panel of macrophage phenotype markers as well as angiogenesis-related genes. Finally, a 

subset of our findings was confirmed with protein secretion analysis.

Methods

Experimental design

Fig. 1 illustrates the overall experimental design of this study. First, two ND platforms, ND-

COOH and ND-ODA, were synthesized and characterized for their Dex adsorption 

capacities (Fig. 1A). After confirming ND-ODA’s adsorption properties, particle size and 

surface chemistry were analysed for the ND-ODA-Dex complexes.

Then, human monocytes derived from peripheral blood were differentiated into unactivated 

macrophages (M0) and either kept as M0 or polarized into M1 or M2a (Fig. 1B). Three 

studies were simultaneously performed to determine the effects of Dex and/or ND-ODA on 

macrophage gene expression (Fig. 1C). In the first study, the effect of Dex concentration was 

explored by separately adding low and high doses of Dex to M0, M1, and M2a 

macrophages. In the second study, the effect of ND-ODA dose was similarly studied, using 

low, medium, and high doses of ND-ODA. Finally, in the third study, Dex-adsorbed ND-

ODA was evaluated using the low doses of both Dex and ND-ODA from the first two 

studies. The results of the gene expression analysis represent the full-scale investigation 
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using a single donor of human macrophages after pilot studies showed similar trends of both 

Dex and ND-ODA on macrophage behaviour using multiple donors of human macrophages.

The expression levels of 14 genes indicative of macrophage phenotype and that encode 

proteins with roles in angiogenesis and tissue healing were analysed to determine changes in 

macrophage behaviour. Because of their roles in propagating inflammation, TNF, IL1B, and 

CCR7 were selected as M1 markers.44 TIMP3, MRC1, and CCL22 were selected as M2a 

markers because of their involvement in tissue remodelling and inflammation 

resolution.45,46 Additionally, 5 M2c markers were used. CD163 and MERTK were selected 

because of their roles in phagocytosis.4,17 MMP7 and MMP8 were selected because of their 

roles in extracellular matrix remodelling.47,48 VCAN, which contributes to cell adhesion 

properties, was also selected as an M2c marker.5 Because of their roles in angiogenesis and 

tissue healing, VEGFA, PDGFB, and MMP9 were also investigated. Additionally, VEGFA 

can be classified as an M1 marker; PDGFB can be classified as an M2a marker.45

In order to confirm a subset of the gene expression results on the protein level, the effects of 

ND-ODA on macrophage protein secretion was investigated using macrophages derived 

from an additional donor (Fig. 1D). After adding the high dose of ND-ODA to M1 

macrophages, culture media was analysed after 24 h for secretion of pro-inflammatory 

factors tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β). Finally, secretion of 

the anti-inflammatory factors IL-10 and transforming growth factor-β1 (TGF-β1) was 

analysed as part of a preliminary investigation into the mechanisms behind observed changes 

in macrophage behaviour.

Synthesis of ND-COOH and ND-ODA

As-received UD90 grade ND (donated by sp3 Diamond Technologies) was first air oxidized 

at 425 °C for 5 h and then acid purified by refluxing with an nitric acid/hydrochloric acid 

mixture at 90 °C for 24 h in order to simultaneously decrease the sp2-bonded carbon content 

and attach carboxyl (COOH) surface groups (ND-COOH).49 To produce octadecylamine-

functionalized ND (ND-ODA), 1.5 g ND-COOH was reacted with thionyl chloride in 

presence of anhydrous N,N-dimethylformamide (DMF), which is as a catalyst for this 

reaction, at 70 °C for 24 h to produce ND-COCl. The highly reactive –Cl groups were then 

replaced with –NH2 groups, connected to a long aliphatic chain, through reacting with 1 g 

octadecylamine at 90 °C for 96 h, and then rinsing with methanol to remove excess 

reactant.40 All chemical reagents were purchased from Sigma Aldrich.

Adsorption activity of Dex onto ND-COOH and ND-ODA

To characterize adsorption activity, 5 mL samples of increasing concentrations of 

dexamethasone (Sigma Aldrich, D4902) in 2% ethanol were adsorbed to ND. Because of 

Dex’s low solubility even with the addition of ethanol, the range of initial dexamethasone 

concentrations was between 5 and 120 μg mL−1. ND-COOH or ND-ODA (2 ± 0.1 mg) was 

added to solutions of varied Dex concentrations, and bath sonicated for ~1 min in order to 

break up large aggregates. Then, the samples were placed on an orbital shaker in the dark at 

room temperature and were left to shake overnight at 200 rpm (ThermoFisher MaxQ 4450). 

The samples were then centrifuged at 4000 rpm (3220g, Eppendorf 5810R) for 2 h. The 
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supernatant, which consisted of unbound Dex, was collected for UV-visible 

spectrophotometry (UV-VIS) analysis (Thermoscientific Nanodrop 1000, 243 nm), and the 

concentration was calculated from the measured absorbance using a calibration curve. The 

calculated concentrations of non-adsorbed drug in the supernatant, also known as the 

equilibrium concentrations, were subtracted from the initial concentrations to determine the 

mass of the drug adsorbed. Then, the adsorption activities for each sample were calculated 

by dividing the individual calculated masses of the drug (mg) adsorbed by the known masses 

of ND (g) that were used to adsorb the drug in each sample. To construct the adsorption 

isotherms, the experimental adsorption activities for each concentration of Dex were plotted 

for each corresponding equilibrium concentration. These data points were subjected to 

fitting using two common adsorption isotherm models, Langmuir and Freundlich, in order to 

determine the adsorption mechanism (mono- or multilayer, hetero- or homogeneous 

adsorption, etc.).50,51 The models differ with respect to their key assumptions and their 

mathematical representations. The Langmuir isotherm assumes monolayer adsorption with a 

distinct number of available adsorption sites, which are all equivalent and independent. It 

also assumes that the adsorbate (drug) is immobilized upon contact. Mathematically, 

Langmuir adsorption is represented as:

where A is the calculated adsorption activity for each equilibrium concentration (Ceq), while 

Amax is the predicted maximum possible adsorption capacity for a single monolayer, and KL 

is a predicted value corresponding to the bond strength between the adsorbent and 

adsorbate.50 On the other hand, the empirical Freundlich isotherm assumes that adsorption 

can be either multi- or monolayer, and that the adsorption sites are heterogeneous. 

Mathematically, Freundlich adsorption is represented as:

where K and n are arbitrary constants that do not provide any information about the 

adsorption capacity of a monolayer or its bond strength.51 The experimental adsorption 

isotherm data were fit to both Langmuir and Freundlich models by means of non-linear 

least-squares fitting using Microsoft Excel Data Solver. Using Excel, Pearson’s correlation 

coefficient (R) was also calculated and used to determine goodness of fit.

Characterization of ND-ODA and ND-ODA-Dex

Because of its superior adsorption properties, further analysis was carried out on ND-ODA 

and maximally loaded (~25 mg Dex per g ND-ODA) Dex-adsorbed ND-ODA complexes 

(ND-ODA-Dex). FTIR (PerkinElmer Spectrum One) analysis of ND-COOH, ND-ODA, and 

ND-ODA-Dex was performed in ambient environment. All samples were freeze-dried, finely 

ground with potassium bromide (KBr) powder, and pressed into a pellet prior to FTIR 

analysis. Dynamic light scattering (DLS) was used to measure particle size (Malvern 

Zetasizer Nano ZS). FTIR was also used to qualitatively monitor batch-to-batch variations in 
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functional group modification and drug adsorption, and the small variations were found to 

insignificantly impact drug adsorption capacity. Prior to DLS analysis, ND-ODA and 

maximally-loaded ND-ODA-Dex were dispersed in PBS, bath sonicated for 1 min, and then 

filtered using a 10 μm cell strainer (pluriSelect) in order to remove aggregates that are too 

large for phagocytosis.52 The average particle size distribution was calculated from 5 

repeated experiments.

Differentiation and polarization of primary human macrophages

Primary human monocytes derived from peripheral blood were purchased from the Human 

Immunology Core at the University of Pennsylvania (Philadelphia, PA). Cells from one 

donor were used for gene expression analysis, and follow up studies for confirmation on the 

protein level were conducted using cells from a different donor. Monocytes were 

differentiated into macrophages (M0, M1, and M2a) as previously described.45 By Briefly, 

monocytes were cultured in ultra-low attachment flasks with RPMI 1640 media 

supplemented with 10% heat-inactivated human serum (from human male AB plasma, 

Sigma Aldrich), 1% penicillin/streptomycin, and 20 ng mL−1 recombinant human 

macrophage colony stimulating factor (MCSF). Cells were incubated at 37 °C at 5% CO2. 

On day 3, the media was refreshed. On day 5, the M0 macrophages were gently scraped, 

counted, and plated with fresh MCSF-supplemented media into 24 well plates at a 

concentration of 106 cells per mL. Polarization was then performed by adding 100 ng mL−1 

recombinant human interferon-gamma (IFNγ) and 100 ng mL−1 lipopolysaccharide (LPS) 

for M1 or 40 ng mL−1 recombinant human interleukin-4 (IL-4) and 20 ng mL−1 recombinant 

human interleukin-13 (IL-13) for M2a.45 After 2 days of polarization, the media was 

replaced with cytokine-free media containing ND samples as described below. All cytokines 

were purchased from PeproTech.

Treatment of macrophages with Dex, ND-ODA, and ND-ODA-Dex

To determine the effect of Dex on macrophages, a stock solution of 20 μg mL−1 in cytokine-

free media with 2% ethanol was prepared. Then, the concentrations were diluted in media to 

either 1 μg mL−1 (high Dex) or 0.1 μg mL−1 (low Dex), and added to the macrophages for 6 

h (n = 4). To determine the effect of bare ND-ODA on macrophages, 330 μg mL−1 ND-ODA 

was dispersed in cytokine-free media, bath sonicated for 1 min, and filtered using a 10 μm 

cell strainer. In order to calculate the average mass loss after filtering ND-ODA and ND-

ODA-Dex, the mass of the cell strainer was weighed before and after filtering, and the 

difference in mass was compared to the original mass of ND-ODA or ND-ODA-Dex. ND-

ODA concentration was assumed to be ~100 μg mL−1 after filtering, due to the average mass 

loss calculated as ~70%. This stock solution was either used directly (100 μg ml−1, high ND-

ODA) or diluted in cytokine-free media to produce concentrations of 50 μg mL−1 (medium 

ND-ODA) and 15 μg mL−1 (low ND-ODA). These high, medium, and low doses of ND-

ODA were added to the macrophages for 6 h prior to RNA extraction for gene expression 

analysis (n = 3–4).

To determine the effect of ND-ODA-Dex on macrophages, ND-ODA-Dex samples were 

prepared to concentrations of low ND (15 μg mL−1) and low Dex (0.1 μg mL−1). Briefly, 4 

mg ND-ODA was added to 10 μg mL−1 Dex in 2% ethanol, bath sonicated, and mixed 
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overnight. Using UV-VIS as described above, the ND-ODA-Dex were determined to have an 

adsorption activity of ~6 mg Dex per g ND-ODA. Therefore, 1 mg of ND-ODA has 

approximately 6 μg Dex adsorbed to its surface. After separating the ND-ODA-Dex 

complexes by centrifugation and freeze-drying, 2 mg ND-ODA-Dex was rinsed once in PBS 

to ensure all unbound Dex had been removed. To make a dispersion with 0.1 μg mL−1 Dex, 

the 2 mg ND-ODA-Dex were dispersed in 37.5 mL, bath sonicated for 1 min, and filtered 

using a 10 μm cell strainer. With 70% mass loss, the final concentration of DEX was 0.1 μg 

mL−1 and the final concentration of ND-ODA was 16 μg mL−1. This dispersion was then 

added to the macrophages (n = 3–4). Cytokine-free media without ND-ODA was added to 

the controls (n = 3). Following 6 h incubation, all macrophage samples were scraped, 

collected, and centrifuged. The supernatant was then discarded, and the cells were placed in 

1 mL TRIzol (Invitrogen, USA) and stored at −80 °C for later RNA extraction. RNA was 

isolated using a TRIzol:chloroform method53 in combination with the RNeasy Micro Kit 

(Qiagen) according to the manufacturer’s instructions.

NanoString analysis

Expression of a custom-designed set of 20 genes (14 markers of the M1, M2a, and M2c 

phenotypes identified and validated in ref. 5 and 45 as well as angiogenic genes plus 6 

housekeeping genes, ESI Table 1†) was analyzed using a NanoString nCounter Analysis 

System (NanoString Technologies). Prior to analysis, Agilent RNA 6000 Nano Kits were 

used in combination with an Agilent 2100 Bioanalyzer to determine RNA concentration. A 

standardized mass of RNA (100 ng) RNA from each sample was mixed with reporter/

capture probe pairs for each gene, which included 8 negative and 6 positive controls, 

according to the manufacturer’s instructions. The raw gene counts were normalized across 

the entire data set according to NanoString’s nCounter Expression Data Analysis Guide. 

Briefly, the average geometric mean of all of the positive control counts was divided by the 

individual geometric means of the positive controls for each sample to determine sample-

specific scaling factors. The data were then corrected by multiplying sample-specific scaling 

factors by the individual counts for each gene in each sample. The data were then log-

transformed to achieve normal distribution, and the average log-transformed negative control 

values for each lane were subtracted from each sample. Negative values were regarded as 

zero. Statistical analysis was performed in GraphPad Prism using a one-way ANOVA and 

Tukey’s multiple comparisons test. In order to apply one-way ANOVA to discern significant 

effects within phenotypes, the log-transformed data were first checked for normality by 

visualising the sample distribution. Then, the Brown–Forsythe’s test was used to confirm 

that the variances were homogenous. Finally, Tukey’s multiple comparisons test was applied 

to discern significant differences between individual sample sets at a significance (alpha) 

level of p < 0.01. Data are represented as mean ± standard deviation (SD).

Cell viability and protein secretion analysis

To validate a subset of the gene expression results on the protein level, primary human M1 

macrophages were cultured with 100 μg mL−1 ND-ODA (the high dose) as described above 

and compared to M0 and M1 controls (n = 4 per group). Cells (obtained from a different 

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c7bm00294g
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donor than the gene expression experiments) were incubated at 37 °C at 5% CO2 in 1 mL 

cytokine-free media with or without ND-ODA as indicated for 24 h. Then, cells were 

scraped from the plate and collected. A small aliquot was used to count viable cells using the 

trypan blue exclusion assay.54 To collect the conditioned media for protein secretion 

analysis, the remainder of the cell suspension was centrifuged for 7 min at 400g, and 

supernatant was collected. Protein content in the conditioned media from each sample group 

(M0, M1, M1 + ND-ODA) was analysed using enzyme-linked immunosorbent assays 

(ELISAs) according to the manufacturer’s instructions for human interleukin-10 (IL-10), 

interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) (PeproTech, Rocky Hill, NJ, 

USA), and transforming growth factor-β1 (TGF-β1) (Affymatrix eBiosciences, Wein, 

Austria). Statistical analysis was performed using an unmatched one-way ANOVA with a 

Tukey’s post-hoc multiple comparisons analysis. p < 0.05 was considered significant.

Results

Adsorption activity of Dex onto ND-ODA

The experimental results for ND-COOH (Fig. 2A) and ND-ODA (Fig. 2B) were in 

agreement with both the Langmuir and Freundlich isotherm models, as determined by the 

Pearson’s correlation coefficients. While we cannot draw any definitive conclusions about 

the adsorption mechanisms, we can still use this information to compare the predicted 

adsorption properties between ND-COOH and ND-ODA. Since empirical Freundlich’s fit 

parameters do not reveal any information about the adsorption mechanism, the Langmuir fit 

parameters for adsorption and bond strength (Amax and KL respectively) were used to 

compare the adsorption properties of ND-COOH and ND-ODA. In comparing the predicted 

strength of binding (KL) for the Langmuir model (Table 1), Dex showed markedly stronger 

adsorption to ND-ODA compared to ND-COOH. Conversely, ND-COOH showed a much 

higher theoretical monolayer adsorption capacity than ND-ODA. However, it is important to 

note that this theoretical monolayer adsorption capacity cannot be realized in this system 

because of the limited solubility of Dex.

FTIR of ND and ND-Dex

In comparing the FTIR spectra for ND-COOH and ND-ODA, the reduction of O–H bonds 

(~3400 cm−1) and the disappearance of C═O bonds (~1700 cm−1) in addition to the rise of 

amide I (1650 cm−1), amide II (1550 cm−1), and C–H (~2800–3000 cm−1) bonds on ND-

ODA indicate that octadecylamine (-ODA) successfully replaced the –COOH groups on 

ND-COOH (Fig. 2C). FTIR analysis of ND-ODA-Dex showed that Dex was successfully 

adsorbed onto ND-ODA because of the appearance of C═O unconjugated ketone bonds 

(~1700 cm−1), strengthening of C–H bonds (~2800–3000 cm−1), and the narrowing of the–

OH stretch (~3400 cm−1) (Fig. 2C).

Particle size of ND-ODA and ND-ODA-Dex

Although the combined use of bath sonication and the 10 μm cell strainer removed large 

aggregates, particle size analysis of ND-ODA post-treatment revealed a multi-modal 

distribution of aggregates up to 7 μm in diameter, with the largest population centered 

around 1 μm (Fig. 2D). However, Dex adsorption seemed to break apart the larger (>3 μm) 
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aggregates, instead forming a prominent, broad population centered around 1–2 μm. 

Additionally, both materials showed the presence of a smaller population centered around 

150 nm.

Effects of Dex on macrophage gene expression

In keeping with its known anti-inflammatory effects, Dex treatment resulted in the dose-

dependent reduction of pro-inflammatory M1-associated genes, including TNF, IL1B, and 

CCR7, in M0 and M1 macrophages (Fig. 3). Dex also decreased expression of M2a markers 

TIMP3, CCL22, and MRC1, in M1 macrophages. Dex treatment also caused the 

upregulation of M2c-associated CD163 and MERTK, which are both receptors involved in 

phagocytosis, in all three phenotypes, although these effects were not dose-dependent. Dex 

treatment did not significantly affect expression of non-phagocytosis-related M2c markers 

MMP7, MMP8, and VCAN, with the exception of small yet significant decreases in MMP7 

expression by M1 macrophages. Finally, with respect to the potent angiogenic factors 

VEGFA, PDGFBB, and MMP9, the high dose of Dex decreased expression, especially in 

M1 macrophages.

Effects of ND-ODA on macrophage gene expression

Interestingly, treatment with ND-ODA caused significant dose-dependent downregulation of 

the genes encoding pro-inflammatory cytokines TNF and IL1B in both M0 and M1 

macrophages (Fig. 4). ND-ODA also significantly reduced expression of M2a-associated 

TIMP3 in all three macrophage phenotypes. The highest dose of ND-ODA reduced 

expression of the other M2a markers MRC1 and CCL22, especially in M1 macrophages. In 

contrast, ND-ODA treatment resulted in increased M2c-associated CD163 expression, with 

the effect most pronounced in M1 macrophages. Furthermore, high ND-ODA caused a 

significant downregulation of M2c markers MMP7 and VCAN in M1 macrophages. The 

high dose of ND-ODA also caused a significant reduction in angiogenic factors VEGFA in 

M1 macrophages, as well as PDGFB and MMP9 in both M1 and M2a macrophages.

Effect of ND-ODA-Dex on macrophage gene expression

The effect of ND-ODA-Dex on macrophage gene expression was compared to the sum of its 

parts: the low dose of Dex and the low dose of ND-ODA (Fig. 5). Compared to both low 

Dex and low ND-ODA, ND-ODA-Dex further reduced TNF expression in M0 macrophages. 

The addition of DEX to ND-ODA also increased the effect of ND-ODA on downregulation 

of TNF expression in M1 macrophages. The combination of Dex and ND-ODA did not 

significantly affect the ability of either individual component to further reduce IL1B 

expression, but ND-ODA-Dex did significantly reduce CCR7 expression compared to low 

ND-ODA in M1 macrophages. Compared to both low Dex and low ND-ODA, ND-ODA-

Dex also significantly reduced expression of the M2a markers TIMP3 and CCL22. While 

downregulation of TIMP3 was only significant in M0 and M2a macrophages, 

downregulation of CCL22 was significant in all three phenotypes. Surprisingly, unlike its 

components, ND-ODA-Dex did not increase expression of the M2c-associated phagocytic 

markers CD163 or MERTK in any macrophage phenotype compared to untreated controls. 

However, ND-ODA-Dex did significantly decrease expression of the M2c marker MMP7 in 
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M1 macrophages and of the angiogenic factors VEGFA, PDGFB, and MMP9 in both M0 

and M1 macrophages compared to both low Dex and low ND-ODA.

Effect of ND-ODA on protein secretion by M1 macrophages

As expected, M1 macrophages increased secretion of pro-inflammatory cytokines TNF-α 
and IL-1β compared to M0 (Fig. 6). The addition of 100 μg mL−1 ND-ODA caused a 

significant reduction in secretion of TNF-α by M1 macrophages, in keeping with gene 

expression results. IL-1β secretion was also reduced but this result was not significant. 

Secretion of the anti-inflammatory factors IL-10 and TGF-β1 was slightly increased due to 

the addition of ND-ODA, though these results were not significant. Cell viability tests 

confirmed that the numbers of cells in each condition were not different from one another, 

suggesting that the observed effects were due to changes in inflammatory behaviour, not cell 

number (ESI Fig. 1†). Cell viability of all groups was >95%, confirming that ND-ODA is 

not cytotoxic.

Discussion

Overall, we present three major findings from this study: (1) the attachment of 

octadecylamine to the ND surface enhanced its adsorption activity for Dex; (2) even in the 

absence of Dex, ND-ODA showed anti-inflammatory effects on primary human 

macrophages in terms of gene expression and protein secretion and increased the gene 

expression of phagocytic receptors (Table 2); and (3) the combination of Dex and ND-ODA 

resulted in enhanced anti-inflammatory effects on gene expression, but abrogated effects on 

genes associated with phagocytosis. This study represents the first report of interactions 

between macrophages and ND-ODA. We are especially intrigued by ND-ODA’s anti-

inflammatory properties. These results suggest that ND-ODA holds potential to be utilized 

as an anti-inflammatory therapeutic to directly target macrophages through phagocytosis, 

thus avoiding off-target effects presented by Dex or other anti-inflammatory drugs. 

Furthermore, patients have also sometimes exhibited resistance to Dex.55 Therefore, using 

ND-ODA as a macrophage-targeted drug-free platform has additional potential to avoid drug 

resistance. In addition, the potential anti-angiogenic effects of ND-ODA suggest that it 

would be particularly useful for inflammatory conditions characterized by excessive 

pathological angiogenesis, like rheumatoid arthritis.56 ND-ODA also inhibited expression of 

M2a markers, suggesting potential as a treatment for fibrosis.

ND-ODA, a relatively newly described form of ND,40 was selected as the optimal platform 

for the delivery of Dex because of its higher binding capacity and higher monolayer 

adsorption capacity in Dex’s solubility range, compared to ND-COOH. ND-ODA’s superior 

adsorption properties could be due to the fact that Dex and ND-ODA are both hydrophobic 

and may preferentially bond to each other over water molecules. While the Langmuir model 

predicted a higher theoretical monolayer adsorption capacity for ND-COOH over ND-ODA 

(Table 1), this effect could not be confirmed because it was only true for concentrations 

above Dex’s solubility. ND-ODA’s ability to adsorb up to 25 mg Dex per g ND-ODA allows 

for the delivery of clinically used concentrations of Dex. Depending on the severity of the 

inflammatory disease, up to 9 mg of Dex may be delivered intravenously to adult humans.57 
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If the maximum loading capacity is utilized, 9 mg Dex can be adsorbed onto 360 mg ND-

ODA, which would correspond to 6 mg kg−1 for a 62 kg person. This dose is in line with 

other nanoparticle treatments used in clinical trials.58

Because of their foreign nature, nanoparticles and microparticles are immediately 

recognized by the immune system when introduced into the body. In fact, in order to avoid 

this, researchers have attempted to mask nanoparticles by coating them with polyethylene 

glycol, so that they are hydrophilic and minimize adsorption of macrophage-recognizing 

proteins in the blood,42 or even by coating with cell membranes to mimic red blood cells.59 

However, the goal of immunomodulatory treatments is to directly target the cells of the 

immune system, especially macrophages, making nanoparticles and microparticles an ideal 

targeting strategy. While many different types of nanoparticles have been shown to be pro-

inflammatory to macrophages,60–63 several studies have indicated that ND-COOH does not 

induce inflammation in murine macrophages. For example, Huang, H. et al.34 added ND-

COOH to the murine RAW 264.7 cell line in concentrations ranging from 25 to 100 μg 

mL−1 and noted that there were no significant changes in pro-inflammatory Tnf, Il6, or Nos2 

expression. Likewise, K.-J. Huang et al.35 noted ND-COOH did not affect expression of pro-

inflammatory Tnf, Il1b, or Il6 in RAW 264.7 murine macrophages, and did not affect TNF-

α levels in the blood of C57BL/6 mice. Finally, Thomas et al.38 showed that treatment of 

unactivated RAW 264.7 murine macrophages with ND-COOH of different sizes resulted in 

decreased expression of Tnf, Il1b, Vegfa, and Pdgfb. While the authors attributed these 

effects to the likelihood of cell death, we found no effects of ND-ODA treatment on 

macrophage cell viability in our study. Moreover, instead of a uniform decrease in gene 

expression, we observed differential effects across multiple macrophage phenotypes. Thus, 

our study showed that ND-ODA is anti-inflammatory, which was confirmed on the protein 

level with reduced secretion of TNF-α. It is possible that a major effect on IL-1β secretion 

was not detected because it is protected from extracellular release unless there is a large 

inflammatory stimulus.64 However, our results still strongly suggest that ND-ODA has 

distinct anti-inflammatory effects, which may be useful as a therapeutic agent in mediating 

inflammation.

While our future studies will focus on systematically investigating the underlying 

mechanisms, we used protein secretion analysis to preliminarily investigate two potential 

mechanisms behind ND-ODA’s anti-inflammatory effects: (1) its recognition as apoptotic 

cells or cell debris, thus mimicking the process of efferocytosis; or (2) recognition of 

adsorbed haemoglobin via CD163 receptors, thus triggering increased secretion of the anti-

inflammatory cytokine IL-10. One of macrophages’ key roles in wound resolution includes 

clearing apoptotic cells from the body, in a process called efferocytosis. During this process, 

macrophages phagocytose the apoptotic cells, triggering a switch to an “M2-like” phenotype 

characterized by secretion of anti-inflammatory cytokines such as interleukin-10 (IL-10) and 

transforming growth factor-β1 (TGF-β1).65 Therefore, impaired clearance of apoptotic cells 

leads to increased pro-inflammatory cytokine levels, and, consequently, chronic 

inflammation.66,67 Although the ND-ODA aggregates are micron-sized, ranging from to 1 to 

7 μm, which falls directly in the size range of human cells of 1–10 μm, and display 

hydrocarbon chains that may resemble the apoptotic cell marker phosphatidylserine (PS),68 

the macrophages did not significantly increase secretion of IL-10 or TGF-β1 when incubated 
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with ND-ODA, suggesting that ND-ODA does not trigger a process resembling 

efferocytosis. Another possibility is that the hydrophobic hydrocarbon chains on ND-ODA 

increased adsorption of the relatively hydrophobic serum proteins, including haemoglobin, 

the target of the CD163 receptor. Although the concentration of haemoglobin in the human 

serum used in the cell culture media was three orders lower than the concentration in human 

blood,69 it is possible that haemoglobin adsorbed to ND-ODA surface, thus triggering 

uptake through the CD163 receptor, which has a strong affinity for haemoglobin-

haptoglobin complexes in the blood as well as haemoglobin.70 Upon recognizing these 

haemoglobin-ND-ODA complexes, CD163 expression may have been upregulated,71 

resulting in increased IL-10 production72 as well as the suppression of pro-inflammatory 

genes, such as TNF and IL1B.73 Because IL-10 secretion by macrophages was only 

moderately increased by ND-ODA treatment, the results do not strongly support this theory 

either. Thus, future experiments will focus on investigating the mechanisms by which ND-

ODA exerts anti-inflammatory effects on human macrophages.

Surprisingly, compared to Dex, ND-ODA-Dex did not further increase the expression of 

either M2c-associated phagocytic genes compared to untreated controls. This major 

difference may be due to a decrease in bioactivity of Dex following adsorption to ND-ODA. 

In this case, the interactions between Dex and the glucocorticoid receptors would be 

dependent on Dex release from the ND-ODA-Dex complexes in the cytoplasm. It is possible 

that only very low amounts of Dex were released from the ND-ODA-Dex complexes in the 

timeframe of this study, resulting in a reduced effect. Additionally, compared to ND-ODA, 

ND-ODA-Dex has a smaller aggregate size (~1–2 μm) and different surface chemistry (due 

to the adsorption) compared to ND-ODA. Because of these differences between ND-ODA 

and ND-ODA-Dex, it is possible that different plasma proteins were adsorbed, causing 

macrophage recognition and uptake through different pathways (e.g. CD64-mediated uptake, 

in which macrophages recognize and bind to immunoglobulin-G;74 or scavenger receptor A-

mediated uptake, which macrophages primarily use to recognize low-density lipoproteins75), 

thus resulting in differences in phenotype. Although the results strongly suggest that ND-

ODA has anti-inflammatory properties, there were several limitations to this study. First, we 

chose to analyse a limited set of 14 genes and 4 proteins to characterize changes in 

macrophage behaviour. These selected genes and proteins represent a small subset of the 

hundreds to thousands of changes that can occur with changes in macrophage phenotype. In 

future studies, a larger panel of genes and proteins will be analysed and should include those 

that provide insight into the potential mechanisms of the anti-inflammatory action. In 

addition, we were unable to control ND-ODA particle size, since deaggregation methods 

typically result in low yields or high concentrations of contaminants.76,77 To gain a better 

understanding of ND–macrophage interactions, future studies should focus on discerning the 

effect of aggregate size, as well as surface chemistry, on macrophage uptake and 

inflammatory behaviour. Nonetheless, this study provides proof of concept that ND-ODA 

can directly cause anti-inflammatory effects on primary human macrophages, in addition to 

acting as a drug delivery platform to shuttle drugs directly to the inside of macrophages.
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Conclusions

We have characterized changes in the gene expression of three macrophage phenotypes (M0, 

M1, and M2a) in response to Dex, ND-ODA, and ND-ODA-Dex, and found that ND-ODA 

had strong anti-inflammatory and pro-phagocytic effects on macrophage gene expression. 

The anti-inflammatory activity of ND-ODA, even in the absence of Dex, was confirmed on 

the protein level. These findings suggest that ND-ODA has the potential to be used as an 

anti-inflammatory therapeutic that can target macrophages by phagocytosis. Furthermore, 

use of inherently anti-inflammatory biomaterials would reduce the negative effects caused 

by many anti-inflammatory drugs, including immunosuppression and increased drug 

resistance. This knowledge, along with determination of the mechanism through which ND-

ODA has anti-inflammatory effects on macrophages, holds potential to inform next 

generation biomaterial design strategies to mediate inflammation in chronic inflammatory 

diseases and the foreign body response.
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Fig. 1. 
Overview of the experimental design. (A) ND-ODA was synthesized by first chlorinating 

carboxylated ND, and then replacing the active chlorine group with ODA. Then, Dex was 

adsorbed onto ND-ODA. The ND-ODA-Dex complexes were then further characterized by 

FTIR and particle size analysis. (B) Peripheral blood monocytes were differentiated into M0 

macrophages. At day 5, the cells were either kept as M0 or further polarized into M1 and 

M2a phenotypes in ultra-low attachment well-plates. (C) After polarization was complete at 

day 7, either Dex (at low and high concentrations), ND-ODA (at low, medium, or high 

concentrations), or Dex-loaded (ND-ODA-Dex; at low Dex and low ND concentrations) was 

added to cells and incubated for 6 h prior to RNA isolation and gene expression analysis. (D) 

To confirm the gene expression data on the protein level, the high dose of ND-ODA was 

incubated with M1 macrophages for 24 h. Then, the cells were counted and the conditioned 

media was analysed for protein secretion.
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Fig. 2. 
(A, B) Adsorption isotherms of dexamethasone (Dex) onto ND-COOH (A) and ND-ODA 

(B), fit to Langmuir and Freundlich isotherm models. The chemical structure of Dex is 

shown as an inset in A. (C) FTIR spectra showing the successful carboxylation of ND (ND-

COOH), ODA attachment to ND (ND-ODA), and adsorption of Dex onto ND-ODA (ND-

ODA-Dex). (D) Particle size distribution of ND-ODA and ND-ODA-Dex after being bath 

sonicated for 1 min and filtered using a 10 μm cell strainer.
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Fig. 3. 
Effect of Dex on macrophage gene expression. Log-transformed data are presented as mean 

± SD. n = 3–4 from a single donor. **p < 0.01, ***p < 0.001, ****p < 0.0001. Significant 

differences in marker expression between M0, M1, and M2a groups are not noted for the 

sake of clarity.
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Fig. 4. 
Effect of ND-ODA on macrophage gene expression. Gene expression of markers associated 

with M1, M2a, and M2c macrophages and angiogenesis were analysed. Log-transformed 

data are presented as mean ± SD. n = 3–4 from a single donor. **p < 0.01, ***p < 0.001, 

****p < 0.0001. Significant differences in marker expression between M0, M1, and M2a 

groups are not noted for the sake of clarity.
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Fig. 5. 
Effect of ND-ODA-Dex on macrophage gene expression. Gene expression of markers 

associated with M1, M2a, and M2c macrophages and angiogenesis were analysed. Log-

transformed data are presented as mean ± SD. n = 3–4 from a single donor. **p < 0.01, ***p 
< 0.001, ****p < 0.0001. Significant differences in marker expression between M0, M1, and 

M2a groups are not noted for the sake of clarity.
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Fig. 6. 
Protein content after 24 h of culture in conditioned media. Data are represented as mean ± 

SD of all experimental replicates (n = 4 per group). *p < 0.01, **p < 0.001, ***p < 0.0001, 

****p < 0.00001.
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Table 2

Effects of Dex, ND-ODA, and ND-ODA-Dex. Summary of the effects of Dex, ND-ODA, and Dex on 

macrophage gene expression

Dex ND-ODA ND-ODA-Dex

M1 markers ↓ ↓ ↓

M2a markers ↓ ↓ ↓

Phagocytic M2c markers ↑ ↑ —

Other M2c markers — ↓ —

Angiogenesis markers ↓ ↓ ↓

↑ (upregulated), ↓(downregulated), — (no change), compared to untreated controls.
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