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Nanodiamonds (NDs) represent a class of carbon nanostructures widely investigated as promising
biomedical nanotools. The possible immune system reactions indicate success or failure for any nano-
system bioapplication. Moreover the assessment of the role of nanomaterial functionalization on the
immune system response needs to be fully elucidated. We aimed to dissect the immunologic impact of
two NDs differing for their functionalization, carboxylic acid modified NDs (NDs-COOH) and amino-
functionalized NDs (NDs-NH2), presenting a glycolic chain as spacer. We used human peripheral blood
mononuclear cells (PBMCs) as model for potential biomedical scenario of NDs interaction with the hu-
man body. The ND immunologic effects were depicted toward the complex mix of PBMCs. The results
showed that both functionalizations possess high hemocompatibility but NDs-COOH induced a cell
viability reduction, affecting monocytes. The ND impact was depicted through immune activation
markers, immune-response gene expression and cytokine secretion analysis. Immune markers
confirmed the impact on monocytes, more evident for NDs-COOH. Both NDs affected the immune
response, however NDs-COOH showed more prominent responses, evoking pronounced regulation of
immune-modulatory transcripts. The cytokine analysis confirmed gene expression data for proin-
flammatory cytokines related to the innate response.

Our findings reveal that NDs decoration with an amino-terminating chain enhances their immunologic
compatibility.
1. Introduction

In the era of nanotechnology, nanomedicine represents the field
devoted to the biomedical applications of engineered materials
[1e4]. Among them, carbon-based materials (CBMs), such as
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graphene, carbon nanotubes (CNTs) and nanodiamonds (NDs), have
been extensively explored as promising therapeutic and diagnostic
nanotools. However, their potential use in medicine remains still
limited due to the controversial debate on their biocompatibility
and safety. Moreover, the biological effects appear to be strongly
related to the different type of CBMs and to their functionalities and
physical parameters [5,6].

NDs are a class of CBMs consisting of nano-sized tetrahedral
networks, which have shown a superior biocompatibility when
compared to other members of the nanocarbon family [7e10]. NDs
have attracted the interest of the scientific community thanks to
their outstanding optical characteristics, magnetic properties
[11e13] extreme hardness [14], and capability of bio-
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functionalization [15,16]. All these unique characteristics make
them suitable candidates for biomedical applications [17]. Among
these, several are in the context of cancer, from colon cancer [18],
pancreatic cancer [19], glioblastoma [20] to breast cancer [21] as
well as in bioimaging [22], tissue engineering [23], and drug de-
livery [24e26], and they are proposed also as key components for
cosmetics and sunscreen formulations [16].

However, a critical step for safe applications of nanomaterials as
medical and personal care tools is represented by the assessment of
their impact on the immune system. Indeed, the immune system
governs every aspect of our health, and represents the body defense
barrier from noxious agents. This is of great importance, especially
considering that some of the most effective NDs biomedical ap-
plications, such as controllable drug delivery and tracing, assume
their intravenous injection. Studies aimed at exploring the effect of
NDs on immune cells are limited [27e29]. Some of them reported
the absence of immune responses induced by NDs in vitro on pri-
mary human macrophages and in vivo after injection in blood in
mice suggesting their suitability as anti-inflammatory drug de-
livery platforms directly targeting macrophages through phagocy-
tosis [27e29]. On the other hand, some findings showed their
impact on the immunologic activation using mouse leukaemic
monocyte macrophage cell line (Raw264.7 cells) [30]. This
discrepancy is due in part to the specific physicochemical pro-
prieties of the different types of NDs tested. In fact differences in
morphology, dimensions, and defects due to the growth process
[31] can have a key role on the biological impacts. Among the most
conventional methods used for NDs manufacturing, detonation
represents a suitable technique for industrial scale production.
Compared to other protocols to prepare NDs, such as the high
temperature/high pressure (HTHP) method, detonation leads to
smaller dimension (around 5 nm) and less lattice fluorescent de-
fects to the resulting diamond particles, named as detonation-
produced nanodiamonds (DNDs).

To enhance their fluorescence or other proprieties, DNDs are
often modified with organic molecules [32e35]. The surface of
pristine NDs usually presents functional moieties, such as hydroxyl,
carboxyl and ketone groups [36e38]. The large number of oxygen-
containing functions allows the customized design of NDs, making
their surface tailorable for specific decorations to modify or expand
their properties according to the biomedical application re-
quirements. In particular, the amino-functionalization enhances
dispersion and interfacial interactions of CBMs and we have pre-
viously shown that the amino-functionalization of other CBMs,
such as graphene and CNTs, has a significant impact on the
downstream effect on immune cells, at the same time enhancing
their immune compatibility [39,40].

Here, we aimed to understand how these nanomaterials can
modulate the immune response depending on their different sur-
face modifications with amino-functional groups, a leading bridge
for the development of future biomedical perspectives. To explore
this complex aspect, we report a comprehensive analysis on a wide
variety of primary human immune cell interactions with two ND
derivatives differing for their functionalization, NDs-COOH, pre-
senting on the surface carboxylic groups, and NDs-NH2, where the
carboxylic groups have been used to attach amine-terminating
oxyethylene chains. Human erythrocytes (red blood cells, RBCs)
and the pool of humanperipheral bloodmononuclear cells (PBMCs)
from healthy donors were used as they represent a more close-to-
human in vivo condition as compared to cell lines or animal models.
To have a comprehensive viewon the adaptive and innate response,
the assays were carried out on four different PBMC subpopulations
by gating them via specific antibodies able to recognize and
differentiate the major immune subpopulations: T cells, B cells,
natural killer (NK) cells, and monocytes. After evaluating the
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hemocompatibility of NDs and their impact on immune cell late
apoptosis and necrosis, their ability to be internalized into the
immune cells, as well as their effect on cell activation, genomic
impact and cytokine release, was determined following cell expo-
sure to NDs.

We demonstrated that the effects of NDs on the immune system
strongly depend upon their surface chemistry. In particular, our
results suggest that functionalization with amino-terminating
chains has a key role in enhancing the NDs immune compati-
bility, therefore representing a key strategy for their clinical
translational applications.
2. Experimental section

2.1. Synthesis of NDs derivatives

Pristine NDs (Nanodiamond powder, > 98% purity, cubic
phase, 4e5 nm primary particle size, Adamas Nanotechnologies,
200 mg) were dispersed in 200 mL of sulfonitric mixed acid. After
a short sonication using a Branson 2510 water bath sonicator, the
reaction mixture was stirred at 80 �C for 12 h. Subsequently, NDs
were filtrated using an Omnipore membrane (JVWP, 0.1 mm) and
washed with water until neutral pH was obtained. Then, the solid
was washed with DMF, MeOH, AcOEt, and Et2O and dried under
vacuum, resulting in 200 mg of NDs-COOH. The sample was then
characterized by transmission electron microscopy (TEM), ther-
mogravimetric analysis (TGA), Fourier transform infrared spec-
troscopy (FT-IR), atomic force microscope (AFM) and Raman
spectroscopy. Assuming that the weight loss at 500 �C is only
attributable to the carboxylic acid decomposition, from TGA
analysis the degree of functionalization results 405 mmol g�1.
40 mg of NDs-COOH were dispersed in 20 mL of dichloro-
methane, and the suspension was cooled at 0 �C and purged with
nitrogen for few minutes. Later on, a solution of 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU; 103 mg, 0.32 mmol) and N,N-diisopropylethylamine
(DIPEA, 411 mL, 2.36 mmol) in dichloromethane (20 mL) was
added and the mixture was stirred 1 h at 0 �C. N-Boc-amino-
diethoxy-ethylamine (80 mg, 0.32 mmol) was added into the
suspension of NDs and the reaction mixture was stirred at r.t.
overnight. Then the NDs were filtrated using an Omnipore
membrane (JVWP, 0.1 mm) and washed with DMF, water and re-
dispersed in 37 mL of HCl (4 M) in dioxane to deprotect the Boc-
group. The mixture was stirred overnight at r.t. and then the NDs
were filtrated and washed with H2O, DMF, MeOH, AcOEt and Et2O
and dried under vacuum, resulting in 37 mg of NDs-NH2, with a
calculated degree of functionalization of 540 mmol g�1 (from TGA
at 500 �C). A deoxygenated suspension of NDs-NH2 (15 mg),
fluorescein isothiocyanate (FITC, 32 mg) and DIPEA (0.03 mL) in
DMF (4.1 mL) was stirred at r.t. for 16 h and then the reaction
mixture was filtrated and NDs were washed with DMF, water,
MeOH, AcOEt and Et2O and dried under vacuum, recovering
10 mg of NDs-FITC with a calculated degree of functionalization
of 133 mmol g�1 (from TGA at 500 �C).
2.2. Chemical characterization

2.2.1. Raman
Raman spectra were recorded using an inVia Renishaw spec-

trometer equipped with a 532 nm laser. For the analysis about
0.5 mg of each sample were dispersed in 1 mL of DMF and 3 drops
of the suspension were deposited on a silicon wafer and let them
dry.



2.2.2. TGA
TGA was recorded using a Q500 (TA Instruments), in inert at-

mosphere (N2). The equilibration at 100 �C for 20 minwas followed
by a ramp of 10 �C/min up to 800 �C. About 1 mg of compound was
used for each analysis. The degree of functionalization, expressed in
mmol/g, is calculated as following:

mmol
g

¼ weight loss ð%Þ $ 10000
Molecular weight of functional group

where the weight loss (%) is given from the difference between the
weight loss of the compound and the weight loss of the precursor
nanomaterial. The used values correspond to the weight loss that
took place at 500 �C, as arbitrary temperature.

2.2.3. IR spectra
IR spectra were recorded on a PerkinElmer spectrum RX I FT-IR

System, pellets were prepared mixing about 1 mg of the sample
with the KBr, previously dried.

2.2.4. TEM
TEM analyses were performed using a TEM Philips EM208 with

an accelerating voltage of 100 kV. For the analysis 0.1 mg of each
sample were dispersed in 1 mL of water and one drop of the sus-
pension was deposited on a TEM grid (200 mesh, Nichel) and dried
under vacuum.

2.2.5. Fluorescence spectra
Fluorescence spectra were recorded on a Cary Eclipse Fluores-

cence Spectrophotometer (Agilent Technologies), using quartz cu-
vettes (path length ¼ 1 cm).

2.2.6. AFM
AFM images were recorded on an Agilent Technologies 5500

scanning probe microscope, operating in acoustic AC AFM mode
and WSxM R5 software was used to process the images. The sam-
ples concentration was 0.2 mg mL�1 in water and the same sus-
pension volume was deposed on silicon wafer and dried in air.

2.3. Biological experiments

2.3.1. PBMC isolation and immune cell subpopulation gating
Human PBMCs were isolated from heparin anti-coagulated

venous blood from healthy consenting adults using a standard
buffy coat protocol. PBMCs were isolated from participants who
had given informed consent for the use of the “Centro Trasfusio-
nale, Sassari, Sardinia, Italy” and research activities within the
University of Sassari. The Nanobiotechnology lab of the University
of Sassari obtained the approval from the “Centro Trasfusionale,
Sassari, Sardinia, Italy” to handle the discarded products of buffy
coat collection. The donors were not needed to complete the spe-
cific informed consent related to this study because all cells used
here were obtained from normally discarded products, the donors
had approved for the use of their cells in research projects and the
donors were completely de-identified, so these studies were
exempt from further approval. The recruited healthy donors were
generally ranged in age from 25 to 50 years old. Human PBMCs
were isolated fromwhole blood samples using Ficoll-Plaque™ PLUS
(GE Healthcare) high-density gradient centrifugation at 1:1 ratio.
PBMCs were cultured in RPMI 1640 medium completed with 10% of
inactivated fetal bovine serum (Invitrogen) and 1% of pen/strep
mixture (Invitrogen). The homogenous solution with NDs and
sterile ultrapure water was prepared (1 mg mL�1). NDs were soni-
cated for 40 min with a Branson 3200 water bath sonicator before
PBMC incubation. After NDs treatment and PBS washing, major
3

immune cell populations were identified by flow cytometry ac-
cording to the expression of specific cell surface markers (clusters
of differentiation [CD]) that were detected with fluorescently
labeled monoclonal antibodies. Fluorescein isothiocyanate (FITC)-,
phycoerythrin-, peridinin chlorophyll protein-, or allophycocyanin-
conjugated anti-CD3 (SK7 clone), anti-CD4 (SK3 clone), anti-CD8
(SK1 clone), anti-CD14 (Mf9 clone), anti-CD16 (3G8 clone), anti-
CD20 (L27 clone), anti-CD69 (L78 clone), anti-CD25 (2A3 clone),
anti-HLA DR (L243 clone), anti-CD161 (DX12 clone) were purchased
from BD Biosciences (Mountain View). Cell gating was performed
using the above mentioned antibodies to recognize the major
population of PBMCs: CD3þ/CD4þ and CD3þ/CD8þ for T cells,
CD20þ for B cells, CD14þ for monocytes and CD16þ/CD3- for NK
cells. To assess the expression of cell surface markers, cells were
washed twice with 0.5% bovine serum albumin in PBS pH 7.2 and
were incubated for 20 min in dark conditions with fluorochrome-
conjugated monoclonal antibodies. Experiments were performed
in triplicates using at least three different healthy donors’ blood
samples.

2.3.2. Hemocompatibility assays
Fresh human heparinized whole blood was obtained from

healthy volunteer donors. RBCs were purified from blood by
centrifugation at 200�g for 5min to remove serum. RBCs were then
washed in sterile isotonic PBS 1X five times and diluted 10X with
the same solution. To determine the hemolytic activity of NDs,
nanoparticles suspensions (1 mg mL�1) were prepared with
deionized water (DDW) and added to diluted RBC suspension
(0.1 mL, ~2 � 108 cells mL�1) at different concentrations (5, 25, 50,
and 100 mg mL�1) and for different times of exposure (6, 12, and
24 h) at r.t. Then the preparation was subjected to vortex. A
microplate reader (Thermo Scientific) was used to measure the
absorbance of hemoglobin release in the supernatant at
570e690 nm.

Biocompatibility test was provided on human PBMCs incubated
in a 24-well plate (25 � 104 cells/well) with 50 mg mL�1 for 6 and
24 h. Cells were then collected and cell pellets were suspended in a
sterile isotonic PBS 1X for sufficient conductivity during Scepter cell
counting. Each samplewas incubated for 1minwith EtOH 70% (v/v)
as a positive control and then suspended as previously described.
Data were analyzed by Scepter 2.0 software to determine the
concentrations and relative cell frequencies for lymphocyte and
monocyte fractions.

2.3.3. Viability assay
Cell viability was evaluated by flow cytometry (FACS Canto II, BD

Biosciences, Mountain View, CA, USA) using 7-amino-actinomycin
D (7-AAD, BD Bioscience, San Jos�e, CA, USA). Briefly, PBMCs
(25 � 104 cells/well) were exposed to increasing concentrations of
NDs (5, 25, 50, and 100 mg mL�1) for 6, 12, and 24 h. EtOH (70% v/v)
was used as positive controls. Cells were stained with fluorescent
antibodies for 20 min in the dark at r.t. and then analyzed by flow
cytometry.

2.3.4. Uptake of NDs
To analyze NDs uptake, PBMCs (25� 104 cells/well) were seeded

in 24-well plates and exposed to increasing concentration of NDs-
FITC (5, 25, 50, and 100 mg mL�1) for 24 h. After the staining with
cell subset-specific antibodies for 20 min in the dark, cells were
washed with PBS 1X solution and flow cytometry measurements
were performed using a FACS Canto II cytometer (BD Biosciences,
Mountain View, CA, USA). The incubation experiment was repeated
exposing cells to 50 mg mL�1 of NDs-FITC for 24 h and, in this case,
cells were washed twice with PBS 1X, fixed with 1 mL of 4% para-
formaldehyde/PBS 1X fixation buffer and incubated with



propidium iodide (PI) solution. After 15 min, cells were washed and
suspended in PBS 1X solution. A microscope glass-slide with
treated PBMCs was prepared using Mowiol 4e88 (Sigma-Aldrich).
Finally, the samples were imaged by confocal microscopy (Leica TCS
SP5 confocal microscope). Fluorescein signal was acquired using
the 488 Argon blue laser line and then analyzed with LAS lite 170
image software.

2.3.5. Activation marker assay
PBMCs differentiation was evaluated by the expression of spe-

cific differentiationmarkers (CD25, CD80, and CD86). Subsequently,
PBMCs were stained with specific fluorescent monoclonal anti-
bodies (Abs) as immune cell population and cell differentiation
markers: 2A3 clone, specific for CD25; 1610-A1 clone, specific for
CD80; and with 2331 clone, specific for CD86, according to manu-
facturer’s instructions (BD-Bioscience Mountain View, CA, USA).
PBMCs (5� 105 cells) were seeded in 96-well plates and exposed to
NDs-COOH or NDs-NH2 (50 mg mL�1) for 24 h. Subsequently, cells
were collected and stained with fluorochrome-conjugated mono-
clonal antibodies as previously described. Monocytes subpopula-
tion was selected by gating CD14 þ cells. Concanavalin A (ConA;
10 mg mL�1) or lipopolysaccharide (LPS, 2 mg mL�1) were used as
positive control (Sigma-Aldrich, St. Louis, Missouri, USA).

2.3.6. Immune gene array
PBMCs (5 � 105 cells) were seeded in 96-well plates and

exposed to NDs-COOH or NDs-NH2 (50 mg mL�1) for 24 h. Subse-
quently, cells were collected and washed with ice-cold PBS. Total
RNA was extracted by TriZol Reagent (TriZol, Invitrogen; Carlsbad,
CA, USA), following manufacturer’s instructions. After measuring
purity and concentration using a Nanodrop Spectrometer (Nano-
drop® ND1000), RNA was retrotrascripted by Polymerase Chain
Reaction (PCR) using Superscript IV Reverse Transcriptase kit (Life
Technologies; Milan, Italy) according to manufacturer’s protocol. To
quantify the expression of 84 specific immune genes, RT2 Profiler
PCR Array (PAHS-052ZD, Superarray Bioscience Corporation, Fred-
erick, MD) was applied. Amplifications on plates were set using a
Real-Time instrument (CFX96 Bio-Rad).

2.3.7. Cytokine secretion assay
PBMCs (5 � 105 cells) were seeded in 96-well plates and

exposed to NDs-COOH or NDs-NH2 (50 mg mL�1) for 24 h. Subse-
quently, cell culture supernatants from PBMCs were collected to
quantify secretion of interleukin (IL)-1b, IL-2, IL-6, IL-4, IL-10, tumor
necrosis factor (TNF)-a, interferon (IFN)-g, by a MILLIPLEX MAP 7-
plex Cytokine Kit (HCYTOMAG-60K-07, Millipore, Billerica, MA)
following manufacturer’s instructions.

2.3.8. Statistical analysis
Data analyses were performed using Student’s t-test (* indicates

p < 0.05 and ** indicates p < 0.01). Flow cytometry data were
analyzed using FACS Diva software (BD-Bioscience Mountain View,
CA, USA). All experiments were performed at least in triplicate.
Immune gene array data were calculated by the comparative
threshold cycle method. Data were analyzed with RT2 profiler PCR
array data analysis software (http://pcrdataanalysis.sabiosciences.
com/pcr/arrayanalysis.php). Fold change (2-DDCt) is the normal-
ized gene expression (2-DCt) in the test sample divided by the
normalized gene expression (2-DCt) in the control sample. Fold
changes are transformed in fold regulations to allow matrix sym-
metry and facilitate data interpretation. For fold change >/ ¼ 1, fold
regulation corresponds to fold change. For fold change <1, fold
regulation is calculated as - 1/fold change. Multiplex ELISA assay on
human PBMCs were performed in samples from at least two
different healthy donors.
4

3. Results and discussion

3.1. Synthesis and characterization of functionalized NDs: NDs-
COOH and NDs-NH2

Commercial pristine DNDs, characterized by spherical shape
and small and homogeneous dimensions (primary particle size of
4e5 nm), were selected as reference for this study, varying their
surface by means of chemical treatment, with the introduction of
carboxylic groups (NDs-COOH), followed by the appendage of hy-
drophilic chains terminating with a primary amine.

To obtain NDs-COOH, the commercial DNDs were oxidized by
means of the sulfonitric mixture to increase the presence of car-
boxylic acid functions on their surface and to render the material
more dispersible in polar solvents (Fig. 1). The resulting NDs-COOH
were allowed to react with TBTU to activate the carboxylic groups
and then were treated with N-Boc-amino-diethoxyethylamine, to
give the corresponding amide, which was directly deprotected by
acidic treatment. Part of the obtained NDs-NH2 was labeled with
FITC, to prepare the fluorescein-conjugated NDs (NDs-FITC).

NDs-COOH, NDs-NH2, and NDs-FITC were thoroughly charac-
terized using different techniques as TGA, FT-IR spectroscopy, TEM,
and AFM before to determine the influence of their surface chem-
ical composition on their biocompatibility.

Initially, to ensure that the acidic treatment performed with the
sulfonitric mixture did not alter the NDs internal structure, the
Raman spectra of pristinematerials and NDs-COOHwere compared
(Fig. S1A). Their profiles resulted almost superimposable, with the
presence of strong bands at around 1326 cm�1, corresponding to
the diamond peak, and 1620 cm�1. At about 1740 cm�1 NDs-COOH
spectrum showed a shoulder, attributable to the C]O of the surface
functional groups.

NDs functionalization was then investigated by TGA under non-
oxidizing condition (nitrogen atmosphere) and in a temperature
range from 100 to 800 �C. As appreciable from Fig. 2A (and Fig. S1B),
the obtained results revealed an increase in thermolabile functions
for NDs-COOH compared to pristine materials, confirming the
oxidation. The subsequent introduction of the hydrophilic chains
was confirmed by a weight loss of about 9% at 500 �C, corre-
sponding to a degree of functionalization of 540 mmol g�1. The
discrepancy of this value with respect to the content of carboxylic
residue is attributable to the fact that a small percentage of epox-
ides can be still present on the ND surface and the amines react
with them and the degree of functionalization results to be higher
than the carboxylic functionalization. The introduction of the
fluorescein in derivative NDs-FITC was also confirmed by TGA, with
an increase of weight loss corresponding to a degree of function-
alization of 133 mmol g�1, as well as by fluorescence spectroscopy
(Fig. S1C). From the FT-IR spectra (Fig. S1D) it is possible to
appreciate the presence of the CeOeH in plane bending at
1430 cm�1 in pristine NDs and NDs-COOH, while for NDs-NH2 and
NDs-FITC the presence of ethers is confirmed by the detection of
two strong signals at 1170 cm�1, attributable to the CeOeC
stretching.

TEM images (Fig. 2B) were acquired for NDs-COOH and NDs-
NH2. For each material, a suspension in water (100 mg mL�1) was
prepared and deposited on the TEM grids. The images herein re-
ported revealed the presence of aggregates for both materials,
however, the aggregation resulted much more pronounced for
NDs-COOH, compared to NDs-NH2. In the latter the sample results
more homogeneously dispersed as appreciable from Fig. 2B. To
deeper characterize the observed clusters, AFM analysis was per-
formed on NDs-COOH and NDs-NH2 (Fig. 2C). For each material, a
drop casting preparation in water (200 mg mL�1) was obtained and
deposed on silicon wafer substrates. The recorded topographic
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Fig. 1. Functionalization of NDs. Schematic representation of ND functionalization. The number of functional groups on the NDs is arbitrary and the real proportion of the drawn
structures is not taken into account.

Fig. 2. Characterization of NDs. (A) TGA profile of pristine NDs (black line), NDs-COOH (red line), NDs-NH2 (blue line), and NDs-FITC (green line), obtained by TGA analyses
performed in inert atmosphere (nitrogen); (B) Bright-field TEM images of NDs-COOH (left side) and NDs-NH2 (right side), dispersed in water (100 mg mL�1); (C) AFM topographic
images of NDs-COOH (left side) and NDs-NH2 (right side) dispersed in water (200 mg mL�1) on silicon wafer. (A colour version of this figure can be viewed online.)

Fig. 3. Hemocompatibility. Hemolysis test on human RBCs after exposure to increasing concentrations (5, 25, 50, and 100 mg mL�1) of NDs-COOH or NDs-NH2 for 6, 12, and 24 h.
(A) Pictures of human RBCs treated with NDs-COOH or NDs-NH2 at the different doses and time points. PBS and DDW were used as negative (�) and positive (þ) control,
respectively; (B) Hemolysis was evaluated based on absorbance at 570 nm by spectrophotometer. (A colour version of this figure can be viewed online.)
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images showed that the aggregates formed by NDs-NH2 were
significantly more frequent and smaller, compared to NDs-COOH
clusters (See Fig. S1E). In fact in the latter case only few small
structures were found and the main population consisted in big
aggregates, with mean dimension of more than 30 nm for more
then the 60% of the measured aggregates, as appreciable from
Fig. 2C, left panel. These findings are in line with qualitative ex-
periments on the stability of suspension prepared with 1mg of NDs
in 1 mL of water, demonstrating that the NDs-NH2 were less prone
to precipitate, staying in suspension more the 48 h (data not
shown).

3.2. Hemolytic activity toward human RBCs

Initially, to evaluate the blood compatibility of NDs, their he-
molytic activity was investigated by means of hemoglobin release
after exposure of human RBCs to increasing NDs-COOH or NDs-NH2
concentrations (5, 25, 50, and 100 mg mL�1) for 6, 12, and 24 h.
Untreated cells and treatment with distilled deionized water
(DDW) were used as negative and positive control, respectively.
Fig. 3A shows human RBCs treated with NDs-COOH or NDs-NH2.
The pellet at the bottom of the tubes corresponds to intact RBCs
precipitated after centrifugation, while the supernatant color in-
dicates the release of hemoglobin from RBCs: the darker is the
color, the greater is the amount of released hemoglobin. The he-
molysis was then evaluated spectrophotometrically at the fixed
absorbance wavelength of 570 nm. NDs-COOH and NDs-NH2 did
not induce any significant hemolytic activity towards RBCs at any
concentration and exposure time tested (Fig. 3B) compared to the
positive control DDW.

The obtained results are line with previous studies demon-
strating the long-term stability and biocompatibility of NDs in rats
and human RBCs for their possible applications as contrast agents
in cancer therapy, mapping sentinel lymph nodes in vivo [27,41]. On
the contrary, in contrast with our observation, Mitura et al. reported
the hemolytic activity of commercial DNDs (inducing hemolysis at
40 mgmL�1) after 10min incubation, by the observation of spherical
shape erythrocytes (spherocytes) [42]. This different behavior
could be due to the absence of further functionalization and the
higher agglomerate size in aqueous solutions of the DNDs used in
the study (200 nm).

On the whole, our results suggest a high hemocompatibility of
NDs, yielded by both ND surface modifications, highlighting their
safety for RBCs compared to other CBMs, such as graphene oxide,
able to induce hemolysis already at a concentration of 25 mg mL�1

[43].

3.3. Viability on immune cell subpopulations

The effects of NDs-COOH and NDs-NH2 were evaluated on PBMC
viability, using the 7-amino-actinomycin D (7-AAD) staining, a
chemical compound with strong affinity for DNA, able to penetrate
through the compromised membranes of late apoptotic and
necrotic cells which allow the passage of the dye into the nucleus
[44] (Fig. 4). PBMCs were exposed to increasing concentrations of
NDs-COOH or NDs-NH2 (5, 25, 50, and 100 mg mL�1) for 6, 12, and
24 h and T, B NK cells and monocytes were analyzed by flow
cytometry. Untreated cells and ethanol (EtOH) 70% (v/v) were used
Fig. 4. Viability assay on human ex vivo immune cells. PBMCs were exposed to increasing
or left untreated; EtOH (70% v/v) was used as positive control. Cells were stained with 7-AA
then analyzed by flow cytometry. (A) Percentage of death cells (7-AAD positive cells, 7-A
Statistical significance is indicated by (*, p < 0.05), (**, p < 0.01); (B) Percentage of total m
50 mg mL�1 of NDs-COOH or NDs-NH2. Untreated PBMCs and EtOH (70% v/v) were used as n
least in triplicate. (A colour version of this figure can be viewed online.)
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as negative and positive control, respectively. Fig. 4A shows the
effects on viability of NDs-COOH and NDs-NH2 on the different cell
subpopulations, compared to the negative control. After 6 h expo-
sure, NDs-COOH and NDs-NH2 did not induce any significant effect
on cell population viability. Starting from 12 h exposure, a reduc-
tion of monocytes viability was observed only at the highest con-
centration (100 mg mL�1) of NDs-COOH (10% of mortality)
(p < 0.05), which became more evident (p < 0.01) increasing the
exposure time up to 24 h (12% of mortality). Moreover, 24 h
exposure to 50 and 100 mg mL�1 of NDs-COOH was able to signif-
icantly (p < 0.05) affect also B cells viability (13 and 14% of mor-
tality, respectively). On the contrary, NDs-NH2 did not exert any
significant effect on immune cell subpopulations viability at any
dose and time of exposure applied in this study, demonstrating the
role of NDs amino functionalization on their immune
biocompatibility.

Considering that monocytes showed to be the most affected
immune cell subpopulation, the specific impact of NDs-COOH and
NDs-NH2 highest concentration (100 mg mL�1) was further
analyzed on this cell subset after 6, 12 and 24 h exposure, using a
time response flow cytometry assay by a CD14þ gating (Fig. 4B).
Untreated PBMCs and EtOH 70% (v/v) were used as negative and
positive control, respectively. Notably, compared to negative con-
trol, flow cytometry plot of CD14þmonocytes confirmed the higher
impact of NDs-COOH compared to NDs-NH2 after 12 (p < 0.05) and
24 h (p < 0.01) exposure (Fig. 4B). These observations suggest a role
for the NDs decoration on their immune compatibility. Indeed, the
functionalization is likely able to modulate the material aggrega-
tion state, which can be a consequent player for the immune
compatibility. In fact, it has been reported that several parameters
can influence the toxicity of materials, including chemical compo-
sition, surface charge, shape, solubility, and the material aggrega-
tion state [6,45,46]. In particular, it has been demonstrated that the
larger aggregates of nanomaterials can be more cytotoxic than the
smaller ones [47]. In agreement with this data, as shown by the
TEM and AFM images, the presence of aggregates resulted much
more pronounced for NDs-COOH, compared to NDs-NH2. There-
fore, this finding could explain the higher impact observed for NDs-
COOH on immune cells. Moreover, it is likely possible that the
different functionalization may influence the formation of the so-
called bio-corona, consisting in the coating of nanomaterials with
biomolecules in biological environment (e.g., albumin, the major
FBS component), which plays a critical role in the subsequent
toxicological impact [45]. Indeed, the surface properties can have a
key role in determining the bio-corona formation [48]. However,
despite it has been reported that positively and negatively charged
NDs can display different electrostatic interactions modulating the
protein adsorption conformation of small proteins (lysozyme), only
minor conformational changes have been observed for albumin
monolayer on the surface of NDs [49]. Overall, these results are in
line with our previous observation on the immune impact of
differently functionalized CNTs and graphene oxide [50e52].
Moreover, similar to our data, a very recent study exploring the
impact of amino- and carboxylic acid-decorated NDs on a human
macrophage cell line (i.e., PLB-985 cells) highlighted the different
effects exerted by the twomaterials, revealing the higher reduction
of cell viability induced by carboxylated NDs compared to amino-
functionalized, starting from 50 mg mL�1 [19].
concentrations (5, 25, 50, and 100 mg mL�1) of NDs-COOH or NDs-NH2 for 6, 12 and 24 h
D and cluster of differentiation markers (CD) specific for four immune populations and
ADþ) of T cells, B cells, NK cells and monocytes treated in dose response with NDs.
onocytes (left side) and 7AAD þ positive (right side) after 6, 12 and 24 h exposure to
egative (grey) and positive control (red), respectively. The analyses were performed at



The obtained findings, showing no toxicity of amino function-
alized NDs even at high concentrations, suggest the suitability of
this functionalization to improve their immune-biocompatibility.
Moreover, the differential aggregation state may explain also the
higher impact on monocytes. Indeed, due to their phagocytic ac-
tivity, monocytes are the blood cell population type more prone to
internalize the NDs. As for any other nanoparticle and foreign
molecule, the uptake can consequently affect the cells, and
monocytes in particular, in terms of cell viability. Our hypothesis is
that the impact of NDs on monocytes can be related to the specific
uptake of NDs by these cells. To test our hypothesis, as next step, we
tested the NDs uptake on PBMCs and their cell subpopulations.

3.4. Uptake by human peripheral blood mononuclear cells and the
immune subpopulations

The biocompatibility and the high uptake rate of fluorescent
NDs have been reported using cell lines and animal models [53,54].
Suarez-Kelly et al. revealed the immune cell internalization of NDs
in vitro using macrophages and natural killer cell lines [55]. A
complete study including all the main immune cell subpopulations
and using primary human immune cells is still lacking. Therefore,
we evaluated NDs internalization into four immune cell types from
human peripheral blood.

To this end, PBMCswere exposed to increasing concentrations of
NDs-FITC (5, 25, 50, and 100 mg mL�1) for 24 h. Immune cells were
stained using different specific fluorescent monoclonal antibodies
to detect the four major PBMC cell subpopulations: T cells, B cells,
natural killer (NK) cells and monocytes. Flow cytometry analyses
indicated a different ability of immune cell populations to inter-
nalize fluorescent NDs in a dose-dependent manner (Fig. 5A). The
fluorescence signal of NDs-FITC was significantly higher in
Fig. 5. Uptake of NDs-FITC by human PBMCs. (A) Internalization of increasing concentratio
evaluated after 24 h exposure by flow cytometry; (B) Internalization evaluated by confocal
propidium iodide stained cells (left panel) revealed the cell morphology, allowing to localiz
bottom of NDs-FITC internalization after 24 h incubation. (A colour version of this figure ca
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monocytes compared to T cells, B cells, and NK cells, already
starting from 5 mg mL�1. At the highest tested concentration
(100 mg mL�1), the fluorescence signal rate of NDs internalized into
monocytes was equal to 28%, compared to the untreated control.
Among lymphocytes, B-cells showed the highest uptake rate of NDs
(5% after exposure to 100 mg mL�1), representing the second most
efficient cell subpopulation in terms of cell internalization among
the immune cells analyzed. Intriguingly, the uptake ability does not
seem to correlatewith the impact on cell viability. Indeed, after 24 h
exposure, NDs were able to reduce B cell viability already starting
from 50 mg mL�1, while the same concentration did not induce any
significant reduction of cell viability in monocytes, despite the
higher internalization of NDs compared to lymphocytes. The lower
cytotoxicity may be due to the phagocytic nature of monocytes,
leading to a better processing and clearance of NDs. However, the
lack of correlation may be due to the well-known sensitivity of B
cells compared to other immune subpopulations, regardless of ND
uptake.

This data highlights the ability of monocytes to internalize NDs
and, together with the relatively low toxicity observed in this im-
mune cell subpopulation, is in agreement with a recent study on
innate immune effector cells showing the capacity of other kind of
non-functionalized fluorescent NDs (FNDs), produced by the HTHP
method, to be internalized without signs of toxicity by macro-
phages in a dose-dependent manner, displaying a greater uptake
compared to NK cells [55].

Moreover, our findings are in line with a previous study
reporting that monocytes are able to engulf other CBMs (i.e., CNTs)
in a more efficient manner compared to other immune cell pop-
ulations [50]. However, the uptake of NDs is very limited compared
to other carbon and non-carbon based materials [50,56e58], sug-
gesting that NDs are able to escape the immune cells, including
ns (5, 25, 50, and 100 mg mL�1) of NDs-FITC into T cells, B cells, NK cells, and monocytes
microscopy after 24 h exposure to NDs-FITC (50 mg mL�1). The red fluorescence of the
e the NDs green fluorescence (right panel); (C) Consecutive slides from the top to the
n be viewed online.)



monocytes (e.g., after intravenous injection for medical applica-
tions) [59].

To demonstrate that our observations were due to an effective
NDs internalization, and not simply to the adhesion of NDs to the
cell surface, the intracellular location was confirmed by confocal
microscopy analysis. As reported in previous studies for other
CBMs, such as carbon nanotubes [50], cells were exposed to the
intermediate concentration of 50 mg mL�1, at the same time con-
dition (24 h exposure) used for the flow cytometry analysis. To
visualize the NDs intracellular distribution, cell morphology was
identified by staining the cell cytoplasmwith propidium iodide (PI),
a fluorescent dye able to bind cell nuclear DNA and cytoplasmic
RNAs [60]. Monocytes were identified by analyzing the cell
morphology. Two dimensional projections of the fluorescence im-
age stack, as well as cross-sectional composite images, were
generated. As shown in Fig. 5B, the red fluorescence of the PI
stained cells (left panel) revealed the cell morphology, allowing to
Fig. 6. Immune cell subpopulation activation. Cells were exposed to NDs-COOH or NDs-N
Human PBMCs activation; (B) Human monocytes activation. The levels of a wide variety of
ConA were used as positive controls. Experiments were performed using cells from at least t
p < 0.05; **, p < 0.01 (Student’s t-test). (A colour version of this figure can be viewed onlin
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localize the NDs green fluorescence (right panel). Additionally, se-
rial sections from the top to the bottom of monocytes, acquired by
confocal imaging, clearly confirmed that NDs-FITC were taken up
into the cytoplasm of these cells (Fig. 5C).

The ability of monocytes to internalize NDs is likely due to their
phagocytic capacity. Indeed, similarly to other nanoparticles, NDs
are engulfed into the cell via endocytosis, as previously observed
for other kind of human immune cells (i.e. human neutrophils and
monocyte-derived dendritic cells) [61] and mammalian cells
[62,63].

Thanks to this ability, Chu et al. demonstrated efficient plasmid
DNA delivery by NDs in human liver carcinoma HepG2 cells, sug-
gesting their use as an optimal vector easy to be internalized into
the cells with a quick endosomal escape after endocytosis [63],
while Pope et al. investigated the internalized NDs in living cells in
situ, underlining the possibility to use NDs for drug-delivery
application and as contrast agent tool in vivo [64].
H2 (50 mg mL�1) for 24 h and the effects on immune cell activation were evaluated. (A)
activation markers (CD25, CD80, and CD86) were evaluated by flow cytometry. LPS or
hree different donors in triplicate. Statistical differences vs. negative controls (CTRL): *,
e.)
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The obtained results are interesting for the possible develop-
ment of biomedical applications exploiting monocyte-targeted
nanoplatforms based on NDs for diagnostic and therapeutic ap-
plications addressing the new concept of “immunoengineering”
[65]. Indeed, since monocytes are able to migrate to the site of
tissue inflammation or infection, they can serve as vehicles to
deliver several molecules, including contrast agents, drugs or
genes, for amore specific and localized treatment. In addition, it has
been reported that positively charged materials can increase the
complexation ability with siRNA [66]. This observation, in addition
to the higher biocompatibility showed by ND-NH2, may facilitate
their use for biomedical applications in this field. Moreover, we
have previously suggested for other nanomaterials that the specific
impact of monocytes can be exploited for monocyte-related dis-
eases (e.g. for cancer treatment) [67]. Similarly, other studies have
explored the NDs-induced stimulation of immune cells, including
monocytes, as strategy to enhance anti-tumor activity [55].
3.5. Effects of functionality: changes in cell diameter and activation
markers

To assess whether the NDs affect the functionality of the im-
mune cells, we looked first at the diameter changes after treatment
(Fig. S2). Hence, PBMCs were treated with the highest concentra-
tion of NDs-COOH or NDs-NH2 not inducing a reduction of cell
viability (50 mgmL�1) for 6 and 24 h and the effect on cell activation
was evaluated by changes in lymphocytes and monocytes cell
diameter distribution by a Scepter Cell Counter.

Fig. S2 shows histograms representing diameter modifications
of total PBMCs after treatment. NDs-COOH were able to induce
monocyte activation already after 6 h exposure, as proved by the
variation of monocyte fractions cell diameter compared to the
negative control. The higher impact of NDs-COOH on human
PBMCs compared to NDs-NH2 was confirmed also increasing the
exposure time up to 24 h. NDs-COOH treatment on PBMCs led to an
increase in monocytes diameter, not observed for NDs-NH2. Im-
mune cells are able to change their diameter under activation
stimuli by increasing the cellular volume. These findings demon-
strate a role of NDs functionalization on their ability to induce
immune activation of monocytes, suggesting that the amine-
terminating chains on their surface provide a more biocompatible
behavior on this immune cell population compared to the car-
boxylic group decoration.

To further investigate the effect of NDs-COOH and NDs-NH2 on
immune cell activation, a panel of specific cell surface differentia-
tion markers was evaluated: the late activation marker CD25 (a-
chain of the IL-2 receptor), and the co-stimulatory molecules CD80
and CD86. Human PBMCs were exposed to NDs-COOH or NDs-NH2
(50 mg mL�1) for 24 h and the expression of the selected surface
differentiation markers was assessed by flow cytometry (Fig. 6A).
Lipopolysaccharide (LPS; 2 mg mL�1) was used as positive control.
As observed in Fig. 6A, the materials did not exert any significant
effect on PBMCs activation. However, after gating CD14þ cells, a
high NDs-mediated cell activation was induced in monocytes
(Fig. 6B). Both nanomaterials significantly increased the expression
of CD25, CD80, and CD86 in monocytes with different potency,
NDs-COOH (p< 0.01) beingmore active than NDs-NH2 (p < 0.05). In
Fig. 7. Immune gene expression. (A) Fold regulation variation of the analyzed immune ge
NDs-NH2 for 24 h. Significantly up-regulated or down-regulated genes (p < 0.05) are repo
green¼ p < 0.05 in NDs-NH2). Samples that did not satisfy the quality control (indicated as N
to G and 01 to 12. (B) Heat-map showing individual genes colored according to the
square ¼ unmodulated fold regulation, red squares ¼ fold regulation > 8). (C) Table displayin
green squares ¼ Fold Regulation < �8, yellow squares ¼ unmodulated fold regulation, red sq
and green ¼ p < 0.05 in NDs-NH2). (A colour version of this figure can be viewed online.)
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conclusion, the obtained results show that the different NDs surface
functionalization seems to have a role in the ability of NDs to in-
fluence monocyte activation, highlighting the reduced immune
impact conferred by the amino-functionalization, probably thanks
also to a decrease aggregation of the NDs themselves. These ob-
servations confirm the cell diameter results previously described
(Fig. S2) and are in agreement with a recent study on innate im-
mune effector cells, showing cell activation after exposure to FNDs
[55,68]. Moreover, the different modulation played by the func-
tionalization here observed is in line with findings concerning
other nanomaterials reporting that the amino- and carboxylic acid-
decoration shifted macrophages to an anti-inflammatory M2 and
inflammatory M1 phenotype, respectively [69].
3.6. Gene expression impact

Considering that the immune systemworks by switching genes
on and off, the understanding of nanomaterial-immune system
interaction cannot overlook the genomic level. Therefore, we used a
molecular strategy to characterize ex vivo the impact of NDs on
immune cells, as we previously reported for GO [39]. To the best of
our knowledge, there are no reports on gene expression impact of
different NDs on human immune cells. In the present study, to
evaluate the possible effect of different functionalized NDs on key
pathways controlling innate and adaptive immune response, cells
were exposed to NDs-COOH or NDs-NH2 (50 mg mL�1) for 24 h and
gene expression analysis of 84 highly selected immune genes was
carried out (Fig. 7). Fig. 7A shows the expression ratio of NDs-
treated versus control samples for all the considered genes after
treatment with NDs-COOH or NDs-NH2, also displayed in Fig. 7B as
heat map showing individual genes of the plot colored according to
their standardized expression values (green squares ¼ down-
regulated genes, yellow square ¼ unmodulated genes, red
squares ¼ up-regulated genes). The values of fold change and fold
regulation with corresponding p-value for the examined genes in
the gene expression analysis reported in Fig. 7 are described in
Table S1 and Table S2, respectively.

The gene expression analysis clearly revealed the divergent
immune modulation induced by the two types of NDs. Overall,
NDs-COOH not only evoked a wider and more pronounced regu-
lation of immune-modulatory transcripts, but also induced an
opposite effect on their expression trend as compared to NDs-NH2
(Fig. 7AeB). In fact, the number of transcripts significantly modu-
lated (p < 0.05) by NDs-COOHwas twice as high as the ones altered
by NDs-NH2 (Fig. 7C). The large majority of transcripts displayed an
opposite directionality between the two materials. In particular,
NDs-NH2 had a limited impact on the expression of central
inflammation-related transcripts, overall exerting an inhibitory or
neutral effect. NDs-NH2 modulation was restricted to genes
encoding for pro-inflammatory, monocyte-related, cytokines such
as IL1B, TNF, and IL6, resulting in a coherent, although non-
statistically significant up-regulation. Such an effect was much
more pronounced in the case of NDs-COOH, which was sustained
by STAT3 induction [70], possibly triggering the up-regulation of IL-
10, a pleiotropic cytokine with both pro and anti-inflammatory
proprieties [71].

Moreover, NDs-COOH also induced the expression of the
nes, compared to the control, after exposure of PBMCs to 50 mg mL�1 of NDs-COOH or
rted in the graph (pink ¼ p < 0.05 in both NDs, blue ¼ p < 0.05 in NDs-COOH, and
/A in Table S1) were not considered. Table S1 indicates the gene of correspondence for A
ir standardized expression values (green squares ¼ fold regulation < �8, yellow
g the Fold Regulation of significantly up-regulated or down-regulated genes (p < 0.05):
uares ¼ Fold Regulation > 8 (pink ¼ p < 0.05 in both NDs, blue ¼ p < 0.05 in NDs-COOH,



activation markers CD80 and CD86 (constitutionally expressed by B
cells and monocytes, respectively), and chemokine receptors such
as CCR6, expressed prevalently by B cell. This modulation is paired
with the up-regulation of Toll-like-receptor related transcripts
(TLR8 and TICAM1), adhesion markers (ICAM1) and lineage markers
such as CD4 (expressed by both T cell and monocytes) and CD14
(expressed by monocytes). These findings are consistent with a
prominent activation of monocyte/antigen presenting cells func-
tions [72,73].

This response is likely linked to the ability of monocytes and, at
lesser extent, of B cells to internalize different nanomaterials,
which could ultimately lead to their non-specific activation.

Indeed, other studies reported a significant impact on mono-
cytes/macrophages observed for FNDs, which were able to be taken
up by monocytes and induce their activation [55], as well as for
other CBMs such as graphene-based materials [74], highlighting
their efficient engulfment into primary human monocyte-derived
macrophages without signs of toxicity [75] and the ability to pro-
mote a pro-inflammatory polarization of macrophages [76]. Simi-
larly, we have recently reported the activation of monocytes
induced by GO as a promising strategy to improve bone regenera-
tion [77]. However, the putative mechanism underlying the uptake
of NDs into monocyte and their activation still needs further clar-
ification. In this view, previous studies carried out on other cell
models suggested that NDs can be internalized via phagocytosis or
through direct diffusion across the cell membrane [62], high-
lighting a mechanism involving clathrin-dependent endocytotic
process [78,79].

However, the differential induction of inflammatory signaling
between the two nanomaterials suggests the perturbations of
different molecular mechanisms. For instance, NDs-NH2 down-
regulated the expression of genes such as MyD88, which plays a
critical role in the control of innate immune responses and
inflammation through the modulation of Toll-like receptor (TLR)
and IL-1 receptor (IL1R) family signaling [80], and IRAK1, requiring
the interaction with MyD88 for its activation. NFKBIA down-
regulation might partially explains the attenuated induction of IL-
6 in NDs-NH2 treated cells.

NDs-COOH induced a strong modulation of the interferon
signaling, which bridges innate and adaptive immune compart-
ments. NDs-COOH effects are consistent with an activation of the
type-I interferon signaling (i.e. Interferon a and b) as substantiated
by the concomitant induction of IFNA1, IFNB1, and STAT1, followed
by a homeostatic down-regulation of the cognate receptor IFNAR1
[81] as putative compensatory mechanism. A less coherent up-
regulation of the type-I interferon signaling was observed in the
case of NDs-NH2 where only IFNA1 was significantly modulated.

Remarkably, NDs-COOH (and not NDs-NH2) specifically inflec-
ted the signaling involved in T-cell lineage differentiation, which
was heavily skewed toward a T helper 2 (Th2) and T helper 17
(Th17) polarization. This process is demonstrated by the up-
regulation of GATA3, a transcriptional factor central in Th2 differ-
entiation, and RORC, which, acting downstream IL-6 signaling,
dictates Th17 lineage commitment, togetherwith IL1B and IL23 [82]
(up-regulated following NDs-COOH challenge). The modulation of
Th17 differentiation is also substantiated by the up-regulation of
IL17A, a landmark feature of Th17 cells [83], which triggers the up-
regulation of the CXCL8 chemokine. The induction of a Th2 and
Th17 polarization is reinforced by the concomitant inhibition of
classic T-helper 1 (Th1) transcripts such as IFNG and IL2, which
were down-regulated after NDs-COOH treatment. FOXP3 was up-
regulated by ND-COOH. Although stable expression of FOXP3 in
mice is a characteristic of T-regulatory cells (T-reg), in humans it is
transiently expressed by a high proportion of T cell upon activation
[84]. T cell activation by NDs-COOH is also supported by the up-
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regulation of FASLG, CXCL10 and its receptor CXCR3. The effect
exerted by NDs-COOH on the signaling involved in T cell lineage
differentiation could be of interest for possible biomedical appli-
cation, like in immunization implementation research for vaccines.
An opposite effect on Th2 and Th17 polarization was induced by
NDs-NH2, which significantly down-regulated IL13, a classic Th2
cytokine, while suppression of Th1 signaling (down-regulation of
IFNG, IL2, and JAK2) was shared between the two materials.

3.7. Protein level impact: cytokines release

Finally, to evaluate the effects of NDs-COOH and NDs-NH2 at the
protein level on human immune cells, a panel of 7 different cyto-
kines was quantified by multiplex Enzyme-Linked Immunosorbent
Assay (ELISA): interleukin (IL)-2, interferon (IFN)-g, IL-4, IL-6, IL-10
IL-1b, and tumor necrosis factor (TNF)-a.

As shown in Fig. 8A, NDs-COOH and NDs-NH2 did not induce any
significant release of IL-2, IFN-g, and IL-4 from human immune
cells. On the contrary, a significant increase of IL-1b and IL-10 was
induced by NDs-COOH (p-value < 0.01) and NDs-NH2 (p-
value < 0.05) with different statistical significance, NDs-COOH
exerting a more prominent response (Fig. 8B). A significant
release (p-value < 0.05) of IL-6 and TNF-a was also observed for
both nanomaterials.

While the exposure of PBMCs to NDs did not induce the release
of Th1 (IL-2 and IFN-g) and Th2 (IL-4) cytokine production, the
enhanced secretion observed for TNFa, IL-1b, IL-6, and IL-10, all key
players of the innate immune system response, demonstrates that
the action of NDs is directed to the activation of the acute inflam-
matory process. Indeed, TNFa is a potent pyrogenic cytokine nor-
mally secreted by monocytes/macrophages in response to a
pathogen infection [85]. TNFa main functions are vasodilation and
loss of vascular permeability, which promote lymphocyte, neutro-
phil, and monocyte infiltration. It helps to recruit these cells to the
inflammation site by regulating chemokine release such as CCL5
and CXCL8 [86], also induced byNDs-COOH. Similarly toTNFa, IL-1b
is also an endogenous pyrogen that is produced and released at the
early stages of the immune response to infections, lesions, and
stress [87]. During inflammation, IL1b stimulates the central ner-
vous system to induce fever and prostaglandin secretion acting also
as chemoattractant for T cells and granulocytes. IL-1b production
and secretion requires assembly of the inflammasome, a cyto-
plasmic complex containing several proteins that serves as a mo-
lecular platform for activation of the cysteine protease caspase [87].
Similar functions are exerted by IL-6, being as well an endogenous
pyrogen. IL-6 main function leads to recruitment of other mono-
cytes to the inflammation site, while blocking the recruitment of
anti-inflammatory T cells, Tregs, to the site of infection [88]. On the
other hand, IL-10 plays a crucial role in controlling the immune cell
response [89], being a pleiotropic cytokine with both pro and anti-
inflammatory proprieties [71].

Overall, these findings are consistent with the trend previously
observed for gene expression analysis of these inflammatory me-
diators. In particular, the lack of effect on the release of IL-2 and
IFN-g is in linewith the suppression of Th1 signaling induced by the
two NDs at the gene level, while the enhanced secretion observed
for TNF-a, IL-1b, IL-6, and IL-10, overall more pronounced for NDs-
COOH, is consistent with the upregulated expression of these cy-
tokines induced by NDs-COOH. The obtained findings support the
ability of NDs, and in particular NDs-COOH, to promote the acti-
vation of monocytes and acute inflammatory process, as evidenced
by the enhanced secretion of pro-inflammatory, monocyte-related,
cytokines. Moreover, our findings are in line with our previous
studies showing that the presence of the amine groups reduce the
impact of other CBMs on immune cells also in terms of cytokines



Fig. 8. Cytokine secretion. Cytokine secretion was analyzed by multiplex ELISA after 24 h exposure of PBMCs to NDs-COOH or NDs-NH2 (50 mg mL�1). Untreated PBMCs were used
as negative controls (CTRL); ConA (10 mg mL�1) or LPS (2 mg mL�1) were used as positive controls. Cytokines of the adaptive response (A) and the innate response were assessed (B).
Cytokine secretion values are expressed in pg mL�1. Statistical significance difference of untreated samples versus NDs treated samples was calculated by Student’s t-test (*,
p < 0.05; **, p < 0.01). (A colour version of this figure can be viewed online.)
release. For example, we have previously demonstrated that amino
functionalization of graphene oxide inhibits the secretion of several
inflammatory mediators such as IL-6 and TNF-a [51]. Of note, a very
recent study on the impact of amino- and carboxylic acid-decorated
NDs on a human macrophage cell line (i.e., PLB-985 cells) did not
observe any secretion of TNF-a after 24 h exposure to 25 mg mL�1,
while we here highlight that increasing the concentration up to
50 mg mL�1 can induce the release of this critical pro-inflammatory
mediator [19].
4. Conclusions

The elucidation of the potential immune impact of NDs repre-
sents a critical step to ensure their safe use for biomedical appli-
cations. Therefore, in the present study we performed an
integrative characterization of the impact of two differently func-
tionalized NDs on human primary immune blood cell sub-
populations, as a model which closely mimic the in vivo scenario of
first interactions between intravenously injected biomedical
nanotools and the immune system.

After confirming the high hemocompatibility of NDs, their ef-
fects were evaluated on different immune cell subpopulations (B
cells, T cells, NK cells, and monocytes), revealing that carboxylated
NDs, but not amino functionalized NDs, induced a slight reduction
of cell viability, affecting in particular monocytes and, to a lesser
extent, B cells. Moreover, to deeper characterize the immune
impact of NDs, their immunologic effects were depicted through
gene expression and protein analysis, revealing that, despite their
low cytotoxicity, NDs were able to elicit pro-inflammatory re-
sponses and signs of immune cell activation with different potency
depending on their functionalization, COOH-modified NDs
showing more prominent responses, particularly relevant for IFN-I
signaling, Th2 and Th17 polarization, and in monocytes. Notably,
monocytes showed the ability to selectively internalize NDs, not
displayed by the other immune cell subpopulations. This
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observation, together with the enhanced biocompatibility
conferred by the amino-functionalization in terms of toxicity and
functionality (assessed at the protein and gene level) may poten-
tially be exploited for the development of monocyte-targeted
nanoplatforms based on NDs for diagnostic and therapeutic ap-
plications. In this view, the results of this study represent a sig-
nificant step forward in the understanding of the immune-
compatibility of NDs and the role of surface functionalization on
their impact at the immune level for the development of future
tools in biomedicine.

In conclusion, we here provided new information on the hem-
ato- and immunocompatibility of nanodiamonds and, similarly to
our previous observations on carbon nanotubes and graphene
[39,40], we have demonstrated that even if both NDs have shown a
proinflammatory action, NH2 modification appears to mitigate
these responses. However, considering the immune response
activated by the NDs, further studies on the bio- and the in vivo
immune compatibility are required before these materials can be
translated into the clinic. Our data provide new information on the
role of the amino-functionalization impact of NDs, paving the way
for further pre-clinical studies aimed at the developing ND-based
future medical tools.
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