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Introduction: Significant advancement was recently achieved in the field of hydroxyapatite nanoparticles, contributing to their
implementation in numerous biomedical applications, including bone tissue reconstruction. Nevertheless, the influence of these
materials on the immune system still remains an unresolved issue.

Materials: Here, we managed to reveal a direct in vitro impact of nano-hydroxyapatite particles on immunological, cellular and humoral
components. Further, we analyzed the effect of nanoparticle size and shape on healthy human immune cells residing in the peripheral blood.
Special attention was given to particles produced using the microwave hydrothermal synthesis method and precisely controlled size. Viability,
phenotypes, activation status, cytokine production and release were assessed using flow cytometry and immunoenzymatic techniques.
Results: We showed that large-sized nanoparticles caused significant induction of immune response associated with innate and acquired
immunity, in size-dependent manner. The synthesized nanoparticles allowed for avoidance of the immunogenicity, with no changes in
inflammatory cytokines, supporting high biocompatibility. Various effects suggest a different potential use of examined nanoparticles,
whether proinflammatory or neutral conditions are required in the field of anticancer therapy or transplantology respectively.
Discussion: Obtained results indicate that precise selection of nano-hydroxyapatites with specific immunomodulatory properties
might be crucial for application in the clinical setting. Subsequent studies would establish most suitable therapeutic approaches where
selected nano-hydroxyapatites could be implemented.

Plain Language Summary: Nanoparticles are tiny materials with unique properties used in many medical applications, such as bone
repair or cancer treatment. One type, called nano-hydroxyapatite (nHAP), is especially promising due to its similarity to human bone.
However, we still do not fully understand how these particles affect the immune system, our natural defense network.

In this study, we tested several types of nHAPs to see how they interact with healthy human immune cells. We found that some
particles, especially larger ones, can harm immune cells at high concentrations. In contrast, smaller particles had no harmful effects
and seemed to be well tolerated.

We also discovered that certain nHAPs changed how immune cells behave. For example, Sigma particles caused monocytes, cells that
participate in both inflammatory and non-inflammatory immune response, to shift toward a more inflammatory state. They also increased
activity in helper T cells (acquired immunity cells) and led to the production of both protective and inflammatory signaling proteins.

These findings suggest that not all nHAPs are equal. Choosing the right type and size of particle is essential depending on the
intended medical use. Some nHAPs may help fight cancer by boosting the immune response, while others could be better suited for
treatments requiring low immune activation, such as wound healing or organ transplants. Our research highlights the need for careful
design of nanoparticle-based therapies to ensure safety and effectiveness in future clinical applications.
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Introduction

Hydroxyapatite (HAP) is a naturally occurring composite of hard tissues of vertebrates.! Conventional micro- and
macroscale hydroxyapatite have long been used for hard-tissue reconstruction in both orthopedics and dentistry because
of their excellent biocompatibility and pronounced osteoconductive behavior, their ability to act as a scaffold for new
bone formation. Nanoscale hydroxyapatite preserves these favorable biological properties but, owing to its reduced
particle size and markedly increased specific surface area, exhibits additional size-dependent characteristics that have
prompted intensive investigation of its potential use in a Wide range of biomedical applications, particularly those
targeting bone regeneration and other osteogenic processes.” These crucial features of hydroxyapatite are associated
with excellent biocompatibility and the ability of hydroxyapatite-containing scaffolds to support the osteogenic differ-
entiation of stem cells into bone tissue through establishing a favorable osteoimmune microenvironment.** They possess
a unique capability to enter the cell nucleus without any additional agents necessary to disrupt the endosome (cellular
uptake) and promote calcium-ion-mediated endosomal escape and cytosolic release of carried particles making them an
ideal vector for gene or drug delivery.® Additionally, their volumetric stability in granular form makes them a useful
component of collagen-rich tissue that is later remodelled into bone, making HAp nanoparticles a desirable substrate in
aesthetic medicine and cosmetology.” Noteworthy, HAP in the form of a biodegradable nanoparticle - strontium-doped
spheres (SHAS) has proven useful in enhancing the efficacy of allergen-specific immunotherapy in mice species.®
Whereas iron-doped hydroxyapatite nanoparticles (FeHA) were analyzed as a potential agent used in magnetic and
nuclear imaging.” Moreover, in the study of Badea et al, peppermint essential oil-coated HAP have been found to exhibit
higher antimicrobial activity in comparison to uncoated HAP showing their potential role in the reduction of
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postoperative implant-related infections. It’s important to point out that the addition of the coating did not affect either
the size and shape of the tested nanoparticles.'”

Regardless of their biocompatibility, several studies suggest the possible effect of micrometer-sized hydroxyapatite
particles on implant rejection due to their cell toxicity and proinflammatory capabilities.'' Interestingly, animal experi-
ments with nanoscale hydroxyapatite covered implants showed enhanced infiltration of monocytes/macrophages and
lymphocytes (CD4+ predominantly) into the material site.'? In the in vitro studies of Motskin et al and Huang et al HAP
nanoparticles were found to exhibit cytotoxicity towards macrophages, with LDH leakage showing a dose-dependent
increase.'®'* This dependency was similarly observed with regard to lymphocyte viability.'> However, HAP nanopar-
ticles not only seem to adversely interfere with the proliferation of macrophages but also were found to decrease their
phagocytic activity.'®

The inflammatory response of monocyte subsets seems to depend on HAP crystallinity with amorphous HAP having
a more proinflammatory effect than that of crystalline structure, and those synthesized by hard templating stimulating
greater secretion of proinflammatory cytokines than those created using soft templating. In line with this, crystalline HAP
surfaces, which were found to be more hydrophilic than amorphous HAP, have been associated with a lower proportion
of implant-adherent monocytes, consistent with the preferential adhesion of monocytes to hydrophobic, protein-rich
interfaces.'”'® Although HAP nanoparticles are shown to exert an inflammatory response in monocyte subsets, they
seem to have a more indirect effect on endothelial cells through an increase in IL-6 production.'® On the other hand, an
analysis of a periprosthetic tissue membrane located between the HAP coating and bone of the removed hydroxyapatite-
coated hip prosthesis revealed HAP to be a moderately inert biomaterial as immunohistology only confirmed minor
immune cell infiltration.?® Notably, according to Huang et al HAP nanocrystals do not seem to impact the release of
TNF-0 from macrophages. These findings contradict their proinflammatory effect presented by Velard et al in their
study.'*'®

Despite the wide range of hydroxyapatite use in the clinical setting, direct effects of their nanoparticle form on the
circulating immune system cells remain undiscovered. That corresponds also to the limited data on size and concentration
influence of the nanoparticles. Therefore, we found it pivotal to thoroughly assess the impact of hydroxyapatite
nanoparticles on the human peripheral blood mononuclear cells (PBMC) considering the broad ongoing research on
their application in medicine.

Materials and Methods

Hydroxyapatite Nanoparticles Generation

Five nano-hydroxyapatite materials exhibiting distinct mean particle sizes and morphological characteristics were
investigated. Two were commercially available synthetic hydroxyapatite nanopowders obtained from Sigma-Aldrich
and Berkeley Advanced Biomaterials. The other three nano-hydroxyapatite materials (GoHAP™ Typel, Type3, and
Type6) were synthesized by the co-authors of this study at the Laboratory of Nanostructures, Polish Academy of Sciences
using a proprietary, internally developed GoHAP synthesis method.?! GoHAP hydroxyapatite nanoparticles were
obtained with the use of microwave solvothermal synthesis (MSS) method in accordance with the procedures described
in the previous publications.”* ** The following substances were used for GoHAP nanoparticles synthesis: calcium
hydroxide (Ca(OH),, pure); orthophosphoric acid (H;PO4, 85% solution, analytically pure); sodium chloride (NaCl,
pure) (Chempur, Piekary Slaskie, Poland), deionized water (conductivity <0.1 S / cm, HLP 20UV) (Hydrolab, Straszyn,
Poland). Noteworthy, for improved clarity of the investigation, HAP nanoparticles (nHAP) will be referred to throughout
the remaining sections primarily by their mean particle size indicating eventually brands to distinguish between slight
differences in size: small nHAP (~8—15 nm; GoHAP Typel and Type3), intermediate nHAP (~40-60 nm; GoHAP Type6
and Berkley-HAP), large nHAP (~90-100 nm; Sigma-HAP).

The MSS method enables the synthesis of hydroxyapatite nanoparticles with precisely controlled mean particle size,
including batches that differ from one another by only a few nanometers; therefore, standardized production protocols
were established for nanoparticle groups with mean sizes of 8§ nm (Type 1), 10 nm (Type 2), 15 nm (Type 3), 23 nm
(Type 4), 30 nm (Type 5), and 43 nm (Type 6), and in the present study three of these six GOHAP types - Type 1, Type 3,
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and Type 6, were selected for investigation. GoOHAP Typel was obtained by precipitation, with the first step of pouring
Ca(OH), into 450mL of deionized water followed by addition of 5.7mL of H;PO, into aqueous suspension of Ca(OH),
using a Titronic Universal digital burette (SI Analytics, Mainz, Germany). Next, reaction mixture was vigorously stirred
at room temperature for 30 minutes with SLR magnetic stirrer (SI Analytics, Mainz, Germany). The reaction of
GoHAP™ Typel synthesis was:

IOCEI(OH)Z + 6H3PO4 — Calo(PO4)6(OH)2(l) + 18H20

Generation of GoHAP Type3 and Type6 was performed by hydrothermal heating of the GoHAP Typel aqueous
suspension with the use of MSS-2 microwave reactor: GoHAP Type3 — 3kW, 90 seconds, 3 bar pressure, equilibrium
temperature of 140°C; GoHAP Type6 — 20kW, 1200 seconds, 20 bar pressure, balance temperature of 220°C. Obtained
GoHAP hydroxyapatite nanoparticles were shock-frozen with liquid nitrogen and dried in Lyovac GT-2 freeze dryer
(SRK Systemtechnik GmbH, Riedstadt, Germany).

Characterization of Hydroxyapatite Nanoparticles

Nano-hydroxyapatite particles characterization was performed in accordance with ISO 17025:2005 at accredited testing
laboratory no. AB 1503. Specific Surface Area (SSA) of GoHAP nanoparticles was determined by BET adsorption method
(Brunauer-Emmett-Teller) using Gemini 2360 surface analyzer (Micrometrics, Norcross, USA) according to ISO 9277:2018—
02. Skeletal density of the samples was measured using AccuPyc II 1340 helium pycnometer (Micrometrics, Norcross, USA)
in accordance with ISO 12154:2014. Prior to measurement of the mentioned parameters, nanoparticles were desorbed in a
VacPrep 061 desorption station (Micrometrics, Norcross, USA) at the temperature of 150°C, for 1.5 hours, under vacuum.
Next, Sauter mean diameter of hydroxyapatite nanoparticles was calculated on the basis of (aspherical shape was assumed):

A
Sauther Mean Diameter = ————e————= [nm]
SSA4-10°° - 10
A = shape factor (equal to 6 for the sphere)
SSA = specific surface area [m*/g]

DEN = skeletal density [g/cm’]

The calculated Sauter Mean Diameter was subsequently used as the mean particle size. AccuPyc II 1340 FoamPyc V1.06
helium pycnometer was also used for adsorption isotherm determination, at the temperature of 23 + 1°C, further analyzed
with the use of MicroActive software V4.03 (Interactive Data Analysis Software, Micrometrics). Total pore volume of
samples was estimated on the basis of adsorbed nitrogen amount at P/Py = 0.9896. Morphology of nano-hydroxyapatite
particles was evaluated using Ultra Plus scanning electron microscope (SEM) (Carl Zeiss Mediatec AG, Jena, Germany),
combined with FEI Talos F200X secondary electrons (SE) detector (Thermo Fisher Scientific, Waltham, USA) — beam
energy set to 2keV. For SEM observation, a thin layer of platinum-palladium was deposited on the nanoparticles with the
sprayer. Diffraction patterns of the X-ray powder diffraction (XRD) were obtained using X’Pert PRO X-ray powder
diffractometer (Panalytical Company, Netherlands), equipped with a copper anode (CuKal) and an ultra-fast PIXcel 1D
detector. Analysis was conducted at room temperature, in the 2 theta range from 10° to 100°, with a step of 0.02°.
Diffraction patterns were fitted in the Fityk software. Then, assessment of XRD line profiles was performed with the use

of analytical formula for polydispersive powders,*>*

and incorporation of Nanopowder XRD Processor online available
demo tool. Furthermore, thermogravimetric analysis (TG+) was performed using STA 449 F1 Jupiter gas-tight thermal
analysis system (Netzsch, Selb, Germany). Analysis was carried out with a heating rate of 2°C/min, up to the temperature

of 800°C, with measurement performed under constant flow of helium at 60mL/min (Figure 1A—C and Table 1).

Isolation of Peripheral Blood Mononuclear Cells

Leukocyte mass routinely subjected to utilization after processing of blood collected from healthy volunteers admitted at
Regional Blood Donation and Treatment Center in Bialystok (Poland) was used for isolation of peripheral blood
mononuclear cells (PBMC). Following dilution with phosphate-buffered saline (PBS, Corning) containing 2mM
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Figure | Characteristics of the synthesized nanoparticles. X-ray diffraction lines of selected nano-hydroxyapatites (A). Isotherms of the nitrogen absorption on the
nanoparticle surface (B). Results of thermogravimetric analysis of nano-powders, heated in helium atmosphere from room temperature to 800°C at a rate of 2°C/min (C).
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Table | Descriptive Parameters of Tested Nanoparticles

Sample Name | SMDger | SSA t o DEN * ¢ TPV
(hm) (mlg) (g/em’) | (ecm’lg)
GoHAP 8 251+3 2.85+ 1.195
Type |
GoHAP 14 15243 293+ 0.874
Type 3
GoHAP 40 49+3 312+ 0.534
Type 6
HAP Berkeley 51 41+3 291+ 0.252
HAP 96 21+3 3.04+ 0.042
Sigma

Abbreviations: SMDBET, BET-based mean particle size; SSA, specific surface area;
DEN, skeleton density; TPV, total pore volume.

EDTA (Invitrogen) PBMCs were isolated with the use of gradient density centrifugation technique on Pancoll 1.077 g/
mL (PAN Biotech). Following collection of the PBMC fraction, cells were washed several times in PBS with 2mM
EDTA and subsequently suspended at the concentration of 1x10° cells/mL in complete culture medium: RPMI-1640
(PAN Biotech) with 10% fetal bovine serum (FBS, PAN Biotech) and gentamicin (Gibco). Prior to the biological material
collection, the informed consent was obtained from all the subjects enrolled in the study. The local Bioethical Committee
in Bialystok approved the implemented study protocol, approval number: APK.002.272.2020.

Cell Culture of PBMC with Hydroxyapatite Nanoparticles

Prepared PBMCs were distributed on 24-well cell culture plates at the concentration of 1x10° cells/mL in complete
culture medium. Next, selected hydroxyapatite nanoparticles, including small nHAP (~8-15 nm; GoHAP Typel and
GoHAP Type3), intermediate nHAP (~40-50 nm; GoHAP Type6 and Berkley-HAP), large nHAP (~90-100 nm; Sigma-
HAP), were applied on PBMC to obtain several different concentrations: 20pg/mL, 100ug/mL, 500ug/mL and 1000ug/
mL. Peripheral blood cells were incubated in the presence of nanoparticles for 24 hours in 37°C, 5% CO,. Following
incubation cells were centrifuged to obtain supernatants (collected and frozen at —80°C) and PBMC pellet used directly
for flow cytometric assessment.

Colorimetric Evaluation of Cellular Cytotoxicity in PBMC Treated with Nanoparticles
LDH activity was measured in the collected supernatants for the assessment of cellular cytotoxicity in PBMC subjected
to hydroxyapatite nanoparticles presence. Tested samples were applied on 96-well plates and LDH Cytotoxicity Assay
Kit (Pierce) was used to measure the conversion of tetrazolium salt (INT) to red formazan product associated with LDH
activity. Intensity of colorimetric reaction was measured at 490nm wavelength using LEDETECT 96 Microplate Reader
(Labexim Products Co., Lengau, Austria).

Flow Cytometric Analysis of PBMC Viability, Activation Status and Cytokine

Production

Viability assessment within lymphocytes and monocytes, was performed with the use of 7-aminoactinomycin D (7AAD)
and APC-conjugated Annexin V. Following 15-minute staining, at room temperature, in the dark, the cells were
immediately analyzed on the flow cytometer. Gating of lymphocytes and monocytes was based on morphological
properties - forward scatter (FSC; relative size) and side scatter (SSC; relative granularity), and fluorescence related to
7AAD and Annexin V. Accordingly, three cell populations have been distinguished within the studied populations of
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immune cells: viable (7AAD- AnnexinV-), early apoptotic (7AAD-AnnexinV+), late apoptotic (7JAAD+ AnnexinV+)
(Supplementary Figure 1A).

Assessment of monocyte and lymphocyte subsets frequencies, and their activation status required use of fluoro-
chrome-conjugated monoclonal antibodies, including anti-CD4 FITC (RPA-T4), anti-CD8 PE (HIT8a), anti-CD14 PerCP
(M¢P9), anti-CD16 FITC (3GS), anti-CD69 APC (H1.2F3), anti-CD25PE-Cy5 (M-A251), and anti-CD163 PE (GHI/61)
(BD Bioscience). Staining for 25 minutes, at room temperature, in the dark, was followed by washing out unbind
antibodies in PBS and fixing cells using Cell Fix reagent (BD Bioscience). Flow cytometric analysis was based on gating
involving FSC/SSC properties, and differential CD4/CD8 expression to distinguish CD4+ (helper T cells) and CD8+
(cytotoxic T cells) lymphocytes (Supplementary Figure 1B) or CD14/CD16 expression to gate CD14++CD16- (classi-
cal), CD14++CD16+ (intermediate), CD14+CD16++ (non-classical) monocytes (Supplementary Figure 1C). Within CD4
+, CD8+ and total lymphocytes, the frequency of positive cells and mean expression (mean fluorescence intensity, MFI)

of early (CD69) and late (CD25) activation markers was evaluated (Supplementary Figure 1B). Regarding total

monocytes and monocyte subsets, changes in CD69 (activation marker) and CD163 (differentiation marker) were
measured to establish the activation/differentiation status (Supplementary Figure 2A). In addition, MFI of FSC and

SSC parameters were analyzed for evaluation of size and internal structure (granularity) of monocytes resulting from
nanoparticles engulfment (Supplementary Figure 1C).

Analysis of intracellular production of selected cytokines in monocytes and lymphocytes was performed following
extracellular staining with anti-CD4 FITC for lymphocytes, and anti-CD14 PerCP and anti-CD16 FITC for monocytes,
and additional permeabilization step using FACS Permeabilization Solution 2 (BD Bioscience). Next, intracellular
staining was performed with the use of anti-TNF-alpha PE (clone Mabl11) and anti-IL-10 PE (clone JES3-9D7) in
monocytes, and anti-IFN-gamma PE-Cy7 (clone B27), anti-IL-10 PE, anti-IL-17A Alexa647 (clone SCPL1362) in
lymphocytes. CD4+ lymphocytes and subsets of monocytes were distinguished as described in the previous paragraph,
then frequency of cells producing certain cytokines or mean expression of them was measured in gated subpopulations
(Supplementary Figure 2B). Flow cytometric data were acquired using FACS Calibur flow cytometer (BD Bioscience,

San Jose, USA) and subsequently analyzed in FlowJo software (Tree Star Inc., Ashland, USA).

Immunoenzymatic Assessment of Selected Cytokines Released by PBMC

Supernatants collected after PBMC culture in the presence of nanoparticles were subjected to enzyme-linked immuno-
sorbent assay (ELISA) for evaluation of IFN-gamma, TNF-alpha and IL-10 production by cells. DuoSet kits (R&D
Systems) were used, thus first, 96-well plates were coated with capture antibody (anti-TNF-alpha, anti-IFN-gamma or
anti-IL-10) followed by intensive washing steps and blocking reagent diluent (1% BSA in PBS). Next, the tested
supernatants and standards were applied, incubated for 2 hours at room temperature and washed out. The following 2-
hour incubation was preceded by adding biotinylated detection antibody (mouse in IFN-gamma, goat in TNF-alpha and
IL-10 kit). The last two 20-minute incubations were associated with streptavidin-HRP B and substrate solution (TMB
Reagent Kit, BD Bioscience) which were added subsequently. Finally, the reaction was stopped by 2N H,SO, (Sigma-
Aldrich) and optical density was determined immediately at 450nm wavelength with the use of LEDETECT 96
Microplate Reader (Labexim Products Co., Lengau, Austria).

Results

Evaluation of Generated Hydroxyapatite Nanoparticles Characteristics

The physicochemical properties and morphology of the nanomaterials used in this study are summarized in Figure 1.
XRD analysis confirmed that each of the five investigated nanomaterials corresponded to phase-pure hydroxyapatite
(Figure 1A). The determined adsorption isotherms (Figure 1B) and thermogravimetric analysis (Figure 1C) showed
trends consistent with the SSA and SMDggt values obtained for the individual nanomaterials. The specific surface area
and the corresponding mean particle size differed markedly among the tested nanopowders. As expected, small nHAP
(~8-15 nm; GoHAP Typel) exhibited the highest SSA, whereas the lowest SSA was observed for large nHAP (~90-100
nm; Sigma HAP). Small nHAP - GoHAP Typel, demonstrated the mean particle size of 8nm with a needle-like shape.
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Another small size nHAP - GoHAP Type3, with mean particle size of 14nm, present as more elongated particles
compared to Typel. Intermediate nHAP - GoHAP Type6, present oval shaped with mean particle size of 40nm. Overall,
the GoHAP nanoparticles (small to intermediate nHAP) exhibited broadly comparable morphology across the series;
however, they were classified into types according to the MSS synthesis method, where an increasing type number
corresponds to a larger mean particle size. With increasing particle size, the morphology progressively shifts from
predominantly needle-like to more spherical particles (Figure 2A—C). The purchased Berkeley HAP nanoparticles
(intermediate nHAP) were supplied as granules composed of loosely packed hydroxyapatite nanoparticles, for which
the calculated mean particle size of the primary particles was 51 nm. The diameter of the nanoparticle-assembled
granules ranged from 5 to 51 pm and was determined from SEM micrographs using ImageJ software (Figure 2D). In
contrast, Sigma-HAP (large nHAP) exhibited a substantially larger calculated mean particle size of 96 nm; in addition to
individual nanoparticles, spherical micrometric structures with sizes of 0.2-0.8 um were also observed. Distinct grain
boundaries indicate that these granules correspond to sintered Sigma HAP particles (Figure 2E).

Assessment of Peripheral Blood Mononuclear Cells Viability in the Presence of
Hydroxyapatite Nanoparticles

Initially, the evaluation of PBMC viability in the presence of hydroxyapatite nanoparticles was performed using the
measurement of LDH activity (indicator of cellular cytotoxicity) in the supernatants after 24 hours of incubation. We
found that none of GoHAP group nanoparticles (small to intermediate nHAP) caused significant changes in total PBMC
LDH activity indicating no effect on the viability of peripheral blood immune cells. On the contrary, large nHAP (~90—
100 nm; Sigma-HAP) demonstrated increased cytotoxicity through higher levels of LDH activity at concentrations of
1000pg/mL. A slight tendency for higher LDH activity levels was also observed in reference to another intermediate
nHAP (~40-60 nm; Berkley-HAP), but only at 20pg/mL (Figure 3A).

Peripheral blood lymphocytes’ viability was predominantly affected by intermediate to large nHAP (~96 nm, Sigma-
HAP; ~51 nm, Berkley-HAP). Slight changes were associated with a decline in viability of those cells with concomitant
increase in early apoptotic cells frequency. The small nHAP from GoHAP group did not cause adverse effects on
lymphocyte viability in the studied samples (Figure 3B). Regarding monocytes, the presence of small nHAP (GoHAP
Typel) and intermediate nHAP (GoHAP Type6) led to a slight elevation of viable cells at 1000pg/mL (starting at 100ug/
mL for GoHAP Typel). Similar changes were observed in the presence of another intermediate nHAP (Berkley-HAP),
however, its activity between the concentration of 20 to 100pug/mL was additionally associated with higher early
apoptotic cell levels. Furthermore, large nHAP (~90-100 nm; Sigma-HAP) caused a significant dose-dependent increase
in late apoptotic cells (Figure 3C). Noteworthy, the best stability of the viability parameters, within lymphocytes and
monocytes, was observed in the presence of small nHAP (~14 nm; GoHAP Type3) (Figure 3B and C).

Evaluation of Phagocytosis Related Changes in the Size and Granularity of Monocytes

in the Presence of Hydroxyapatite Nanoparticles

Increased granularity (SSC parameter) of monocytes following incubation with nano-hydroxyapatites indicates enhanced
phagocytosis of those elements. The highest rate of these changes was observed in reference to large nHAP (~90-100 nm;
Sigma-HAP), in dose-dependent manner. Importantly, the granularity of monocytes was significantly higher in the
presence of large nHAP compared to other studied nanoparticles. Similar direction of changes was also observed in
reference to intermediate nHAP (GoHAP Type6), predominantly at concentrations of 500ug/mL and higher. Despite
elevated levels of SSC also in the remaining types of nanoparticles, the changes in the internal structure of monocytes
were less pronounced (Figure 4A).

Apart from large nHAP (Sigma-HAP), the size of monocytes remained relatively stable (FSC parameter) in the
presence of other tested nanoparticles. Noteworthy, we observed a significant increase in the size of CD16-positive
monocyte subpopulations subjected to incubation with these nanoparticles. Those elevated levels of the FSC parameter
shown statistical significance only at the highest tested concentration of 1000ug/mL Figure 4B).
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Figure 2 Scanning electron microscopy (SEM) pictures of tested hydroxyapatite nanoparticles. Visualization was performed at 50,000 and 100,000x magnification for each
analyzed nano-hydroxyapatite type: GoHAP™ Type | (A), GoHAP™ Type 3 (B), GoHAP™ Type 6 (C), HAP Berkley (D), HAP Sigma (E).
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Figure 3 Evaluation of selected nanoparticles effect on viability of immune cells. LDH activity measurement in supernatants of PBMC incubated with nano-powders (A).
Flow cytometric assessment of viability parameters was performed individually within peripheral blood lymphocytes (B) and monocytes (C). Data presented as median
change (with interquartile range) versus untreated samples (Oug/mL) (n = 8). Statistically significant differences versus untreated samples indicated with color asterisks linked
to selected nanoparticles; brackets indicate differences between types of nano-powders at certain concentrations, as determined by two-way ANOVA followed by Fisher’s
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Figure 4 Assessment of selected nanoparticles effect on size and granularity of monocyte subsets. Analysis of relative size (A) and granularity (B) changes in monocyte
subsets incubated in presence of nano-hydroxyapatites. Data presented as median change (with interquartile range) versus untreated samples (Opg/mL) (n = 8). Significant
differences versus untreated samples were indicated with color asterisks corresponding to selected nanoparticles; brackets demonstrated differences between types of
nano-powders at certain concentrations, as determined by two-way ANOVA followed by Fisher’s LSD post hoc test. Significance level was set at p value of 0.05: *< 0.05, **<
0.01, ¥*< 0.001, **¥p < 0.0001.

Evaluation of Hydroxyapatite Nanoparticles Influence on Monocyte Subsets

Frequency and the Cells Activation Status
Presence of large nHAP (~90-100 nm; Sigma-HAP) was associated with an increased frequency of classical CD14+
+CD16- monocytes, reported at concentrations starting at 500pug/mL. Higher rate of changes was reported in non-
classical CD14+CD16++ monocytes, with a clear dose-dependent manner. Interestingly, intermediate CD14++CD16+
monocytes showed depletion in percentage when incubated with large nHAP. No substantial differences were found in
reference to the remaining types of nano-hydroxyapatites. However, to a slight extent, intermediate nHAP (GoHAP
Type6) seems to influence classical and intermediate subpopulations in the same way as large nHAP (Sigma-HAP).
Noteworthy, large nanoparticles caused significant changes in monocyte subsets additionally when compared to other
tested nanoparticles at selected concentrations (Figure 5A).

Large nHAP (Sigma-HAP) were furthermore the dominant elements affecting the activation status of monocyte
subsets. These nanoparticles led to a significantly higher frequency of activated, CD69-positive, intermediate and non-
classical monocyte subsets. Changes occurred at the concentration of 500pg/mL and higher, and were the most visible in
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Figure 5 Analysis of frequencies and activation status of monocyte subpopulations stimulated with nano-hydroxyapatites. Changes in monocyte subsets frequency in
presence of nanoparticles (A). Assessment of activation markers — CD69 (B) and CD163 (C), in monocyte subsets incubated with nanoparticles. Data presented as median
change (with interquartile range) versus untreated samples (Opg/mL) (n = 8). Significant differences versus untreated samples indicated with color asterisks corresponding to
selected nanoparticles; brackets demonstrated differences between types of nano-powders at certain concentrations, as determined by two-way ANOVA followed by
Fisher’s LSD post hoc test. Significance level was set at p value of 0.05: *< 0.05, **< 0.01, ***< 0.001, ****p < 0.0001.
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CD14++CD16+ monocytes. Importantly, elevated levels of activated classical CD14++CD16- monocytes were only
reported at the 1000ug/mL of large nanoparticles. With only minimal variations at the tested concentrations, no
significant changes in CD69-related activation of monocytes were found when incubated with other studied nanoparticles
(Figure 5B).

Regarding the differentiation status of monocytes based on the CD163 marker, large nHAP (Sigma-HAP) substan-
tially reduced the frequency of all monocyte subsets with the expression of CD163. Decrease in CD163-positive
monocytes was observed within the range of 500ug/mL to 1000ug/mL of nano-hydroxyapatites, and was comparable
among different monocyte subpopulations. Among other tested nanoparticles, we showed the reduction of CD163+ non-
classical monocytes also when the cells were incubated with small HAP (~8 nm; GoHAP Typel) and intermediate nHAP
(~51 nm; GoHAP Type6). Those effects were significantly less strong than those observed in the samples treated with
Sigma-HAP (Figure 5C).

Evaluation of Hydroxyapatite Nanoparticles Influence on CD4+ (Helper) and CD8+
(Cytotoxic) Lymphocyte Subpopulations Frequency and the Cells’ Activation Status

Contrasting effects were achieved in reference to CD4+ (Th) lymphocytes frequency in samples incubated with nano-
hydroxyapatites. Apart from small nHAP (~8 nm; GoHAP Typel), the tested materials led initially to the reduction of
CD4-positive T cells at concentration of 20ug/mL. Further increases in the concentration were associated with an
increase in that parameter in samples treated with large nHAP (Sigma-HAP), resulting in a significantly higher frequency
of CD4+ lymphocytes at 1000pg/mL. The remaining nanoparticles maintained a lower level of Th cells, with the further
slight reduction in the presence of small nHAP (~15 nm; GoHAP Type3), and a minimal increase when higher
concentrations of intermediate nHAP (~51 nm; GoHAP Type6) were used. In contrast to CD4-related data, none of
the selected nano-hydroxyapatites influenced changes in the percentage of CD8-positive (Tc) lymphocytes. Nonetheless,
large nHAP (Sigma-HAP) showed significantly lower values compared to small nHAP (GoHAP Type3) at 500pug/mL
(Figure 6A).

Lymphocytes affected by the tested nanoparticles seemed to respond in a similar way to monocytes in the context of
activation status. In general, large nHAP (Sigma-HAP) presence led to an elevated frequency of early activated CD69+
lymphocytes. That effect was especially seen at the highest concentrations — 500 to 1000ug/mL also when analyzing CD4
+ and CD8+ T cells individually. Noteworthy, despite less intensified changes, a gradual increase in reference to CD8-
positive lymphocytes was observed starting at even 20pg/mL of these nanoparticles. Interestingly, comparable modifica-
tions were reported also when Berkley-HAP nanoparticles were applied (Figure 6B). Frequency of lymphocytes with the
late activation marker — CD25, was induced at a substantially lower rate, with an increase observed in the total and CD4+
lymphocytes in the presence of large nHAP (Sigma-HAP). On the contrary, no changes effects were reported in the
context of CD8-positive T cells. None of the other selected nano-hydroxyapatites caused any effects on the levels of
CD25+ cells in both, CD4 and CDS, and total lymphocytes (Figure 6C).

Hydroxyapatite Nanoparticles’ Effects on the Production of Selected Cytokines by
Cultured Monocytes and Lymphocytes

The presence of all studied hydroxyapatite nanoparticles led to an increase of TNF-alpha-producing cells in total
monocytes at 1000ug/mL, however, in reference to large (Sigma-HAP) and intermediate (Berkley-HAP) nHAP such
changes were observed even at a concentration of 500pug/mL. Median changes in TNF-alpha-positive monocytes were
least increased in small nHAP (GoHAP Type3) cultures. Noteworthy, only large nHAP caused a prominent increase in
the frequency of IL-10+ monocytes starting at 500ug/mL (Figure 7A).

In reference to lymphocyte-related cytokine production, we found that Sigma-HAP at 500pg/mL to 1000pg/mL led to
a large increase in the frequency of IFN-gamma+ cells. Interestingly, small nHAP (GoHAP Typel) even caused a slight
reduction of IFN-gamma+ lymphocytes at a concentration of 1000pug/mL. As regards IL-10, a transient increase was
observed only in samples treated with small nHAP (GoHAP Typel) at 100pg/mL. Elevated level of IL-17A was also
observed in the case of 100pug/mL of intermediate nHAP (Berkley-HAP). At higher concentrations, 500 to 1000pg/mL,
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Figure 6 Analysis of frequencies and activation status of lymphocyte subsets stimulated with nano-hydroxyapatites. Changes in CD4+ and CD8+ lymphocytes frequency in
presence of nanoparticles (A). Assessment of activation markers — CD69 (B) and CD25 (C), in lymphocyte subsets incubated with hydroxyapatite nanoparticles. Data
presented as median change (with interquartile range) versus untreated samples (Oug/mL) (n = 8). Significant differences versus untreated samples were indicated with color
asterisks corresponding to selected nanoparticles; brackets demonstrated differences between types of nano-powders at certain concentrations, as determined by two-way
ANOVA followed by Fisher’s LSD post hoc test. Significance level was set at p value of 0.05: *< 0.05, **< 0.01, ***< 0.001, ***p < 0.0001.
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Figure 7 Evaluation of cytokines profile in culture of monocytes and lymphocytes with nanoparticles. Intracellular production of TNF-alpha and IL-10 in monocytes (A), and
IFN-gamma, IL-10 and IL-17A by lymphocytes in presence of nano-hydroxyapatites (B). Assessment of cytokines released by the PBMC incubated with nanoparticles (C).
Data presented as median change (with interquartile range) versus untreated samples (Opug/mL) (n = 8). Significant differences versus untreated samples indicated with color
asterisks corresponding to selected nanoparticles; brackets demonstrated differences between nano-powders at certain concentrations, as determined by two-way ANOVA
followed by Fisher’s LSD post hoc test. Significance level was set at p value of 0.05: *< 0.05, *¥< 0.01, **¥< 0.001, ***p < 0.0001.
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IL-17A showed lower values compared to untreated samples, in the presence of two intermediate nHAP (~40-60 nm;
GoHAP Type6, Berkley-HAP) and large nHAP (~90-100 nm; Sigma-HAP). Noteworthy, selected small nHAP (~15 nm;
GoHAP Type3) seemed to maintain unchanged levels of all tested cytokines among lymphocytes (Figure 7B).

Profiling of the cytokines released by PBMC into culture media confirmed the effects caused by large nHAP (Sigma-
HAP). These nanoparticles led to substantial increase in TNF-alpha, especially at 500pg/mL and 1000pg/mL. Similarly,
an isolated rise in the presence of large nHAP was observed in reference to IL-17A. A statistically significant influence of
that nanohydroxyapatite was shown even at the lowest concentrations in the context of IFN-gamma. A gradual and
substantial increase in IL-10 levels was shown with large nHAP (Sigma-HAP) doses of 100pg/mL. Despite slight
variations in the presence of other studied nanoparticles, none of them caused significant changes in the analyzed
cytokines (Figure 7C).

Influence of Selected Hydroxyapatite Nanoparticles Presence in Culture on Mutual

Interactions Between the Tested Subpopulations of Monocytes and Lymphocytes

In general, none of the tested nanoparticles showed substantial disturbance in the mutual association between the tested
immune cell subpopulations. Individual changes reported within the selected hydroxyapatite nanoparticles, compared to
the untreated samples, were closely related to the significant variations reported above.

Unlike samples without nanoparticles, the application of small nHAP (GoHAP Typel) and intermediate nHAP
(GoHAP Type6) resulted in a positive association between TNF-alpha+ and IL-10+ monocytes. At concentration
below 1000pg/mL, small nHAP (~8-15 nm; GoHAP Typel and GoHAP™ Type3) showed diminished association
between IFN-gamma+ and IL-10+ (positive) or IL-17A+ (negative) lymphocytes, as reported in untreated cells. In all
small to intermediate nHAP of GoHAP-related types of nanoparticles, a positive correlation arose between CD4+
lymphocytes and IL-17A+ subset of those cells. Despite links in untreated PBMCs between monocyte subpopulations
and subsets of lymphocytes expressing IFN-gamma, IL-10 or IL-17A, those relations were lost. Some of them were even
reversed as shown at higher concentrations of intermediate nHAP (GoHAP Type6), where positive correlations were
shown between CD14++CD16+ monocytes and the tested subsets of lymphocytes — [IFN-gamma-+, IL-10+ and IL-17A+.
In reference to large nHAP (Sigma-HAP), correlations between monocyte subsets and both TNF-alpha+ and IL-10+
monocyte subsets, as well as CD4+ lymphocytes were observed. The same nanoparticles diminished or reversed the
association between IL-17A+ and IFN-gamma+ or IL-10+ lymphocytes. The same phenomenon was observed in the
context of monocyte subpopulations’ link to the selected cytokine-expressing lymphocyte subsets reported in PBMC
samples with no presence of nanoparticles. Nanohydroxyapatites of intermediate size (~51 nm; Berkley-HAP) showed a
similarity to the effects caused by large nHAP (Sigma-HAP) in the term of correlation between monocyte subsets and
TNF-alpha+ or IL-10+ producing monocytes. In contrast, especially at concentrations of below 1000pg/mL, incubation
with intermediate nHAP (Berkley-HAP) preserved the associations between monocyte subpopulations and the same
lymphocyte subsets observed in untreated samples (Figure 8).

Discussion
Nanomaterials due to their invaluable properties find their application in nearly all aspects of life. Despite significant
advancement in the field, nanoparticles influence on our organism is predominantly limited to studies on general
biocompatibility of the selected material and exclusion of cytotoxic effects.”*’** However, data on how these materials
affect our immune system are scarce and require clarification due to potentially critical impact on our health. To date
there were no studies revealing direct nano-hydroxyapatite (nHAP) influence on healthy human immune cells. This
comes as quite a surprise considering their vast clinical application potential for example in various types of cancer
currently being widely investigated.>*** Here, for the first time we provided an in-depth evaluation of hydroxyapatite
nanoparticles’ different sizes effects on immunity-related cellular and humoral aspects.

Considering the effects of nano-hydroxyapatites in reference to cell viability, Zhang et al reported using VX2 rabbit
carcinoma cell line’s proapoptotic effect of nano-sized hydroxyapatites. Decrease in cell viability was found to start at a
concentration of 100ug/mL and demonstrated a dose- and time-dependent manner.”® Interestingly, intermediate to large
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nHAP (~96 nm, Sigma-HAP; (~51 nm, Berkley-HAP) caused the most significant variations in viability of peripheral
blood immune cells — monocytes and lymphocytes. Noteworthy, disturbances in live cells frequency were predominantly
observed at a concentration of 500pug/mL and higher. Moreover, our data indicate that size of particles might have a
significant influence on hydroxyapatite properties even at the nano-scale range, as reported changes were usually
observed at size larger than 40nm, starting with intermediate nHAP (~40-60 nm; GoHAPType6 and Berkley-HAP)
and through large nHAP (~90-100 nm; Sigma-HAP). That is partially in consent with the study on nano-sized
hydroxyapatite influence on osteosarcoma, where the highest aspect ratio of the particles was associated with the most
favorable effects obtained.’® A significant induction of apoptosis was observed with nano-hydroxyapatites of average
sizes of 184nm or larger.’! Flow cytometric analyses were supported by LDH activity in culture supernatants, with
deleterious effects observed at the highest concentrations of large nHAP (Sigma-HAP). That is in contrast with data on
VX2 carcinoma cells where hydroxyapatites at micro level in size seemed to exert less pronounced apoptotic effects.”®
Most stable conditions, with no changes in viability-related parameters, were obtained in the presence of small nHAP
(~15 nm; GoHAP Type3) nano-hydroxyapatites. Similar lack of viability reduction was observed in dendritic cells
stimulated by rod-shaped hydroxyapatites at similar nano-level size.*> Additionally, no disturbances in viability were
reported when treating macrophages in vitro with nano-hydroxyapatites with mean size between 60nm and 70nm, when
in vitro treating macrophages.™*

In accordance, the use of nano-hydroxyapatites should be preceded by the assessment of their effects on specific
tissues as certain types and concentrations can affect not only cancerous but also healthy cells. In the study involving
mice breast cancer cell line 4T1, the effectively cytotoxic concentration was the maximal concentration used in the
current study (1000pg/mL). Thus, aside from the expected anti-cancer effects, serious adverse reactions can be observed
within healthy cells.”’”>* On the other hand, study on nanocomposite hydrogels with hydroxyapatite supported the
survival of stem cells and osteogenesis.* Various responses to nano-hydroxyapatites were reported in in vitro models of
healthy and cancer cells. Squamous cell cancer line (VX2 cell line) viability was reduced at the nanoparticles
concentration starting at 250pg/mL. Interestingly, no deleterious effects at doses below 1000pg/mL were reported in
healthy mice fibroblasts (L929 cell line).*® Despite slight differences observed, mostly as a result of two different models
- cancer and healthy immune cells, those results shed a new light on proper selection of nano-hydroxyapatites without
unfavorable cytotoxic effects on immune cells.

Among all tested nanoparticles, large nHAP (Sigma-HAP) caused the highest changes in the internal structure of
monocytes, most possibly resulting from phagocytosis of those relatively large particles. The possibility of nano-
hydroxyapatite internalization was previously suggested in reference to the epithelial-like cells of the CHO cell line.?’
Here, changes in granularity were also followed by a slight increase in the cell size. Interestingly, a similar direction of
elevated granularity was observed in response to intermediate nHAP (GoHAP Type6). Those nanoparticles showed close
similarity to large nHAP (like Sigma-HAP) parameters obtained in thermogravimetric analysis. The remaining types of
nano-hydroxyapatites did not cause a substantial impact on the morphology of the monocytes in the course of their
phagocytic activity. In another study nanoparticles with larger sizes (from 150nm to 400nm) were also found to cause
changes in macrophage granularity as shown here. Those size-dependent variations were also confirmed with micro-
scopic visualization of the engulfed fluorescein-stained hydroxyapatites.’> Observed variations cannot be simply
explained by nanoparticle size as both intermediate nHAP - GoHAP Type6 and Berkley-HAP, demonstrated relatively
similar mean particle size (40um and 51pm respectively; SMDggt). Close similarities we found to be potentially
associated with comparable thermogravimetric characteristics of both nano-hydroxyapatites. In addition, in contrast to
Berkley-HAP, GoHAP Type6 had higher values of total pore volume (TPV). Interestingly, large nHAP (Sigma-HAP), at
concentration between 500pg/mL and 1000pg/mL, exclusively induced changes in all three monocyte subsets. We
reported an increase in the dominant peripheral subset — classical monocytes (CD14++CD160-), and “pro-inflammatory”
non-classical monocytes (CD14+CD16++). On the contrary, another subset of CD16-positive monocytes, namely
intermediate monocytes (CD14++CD16+), showed reduced frequency at high levels of those nanoparticles. A less
intense decline was additionally observed in the presence of intermediate nHAP (GoHAP Type6). Reported changes in
monocytes, together with a previously revealed increase in genes related to M1 macrophages when in the presence nano-
hydroxyapatite,”® might indicate selective differentiation of monocytes towards more pro-inflammatory subsets. That is
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furthermore supported by another study demonstrating polarization of macrophage phenotype towards M1 subset
(dominance of CD86 and F4/80 versus CD80 and CD206 surface markers) in the presence of these nanoparticles.®*?
Thus, commercial Sigma-HAP nanoparticles application was associated with an unfavorable disturbance in the balance
between inflammatory and anti-inflammatory populations (IL-10-producing intermediate monocytes). Most recent studies
indicated a substantial reduction of monocytes and macrophages within the tumor environment in the presence of
hydroxyapatite, suggesting suppressing effects of these nanoparticles.”” Noteworthy, hydroxyapatite surfaces were shown
to induce proliferation of osteoblast- and macrophage-like cells in homogenous cell cultures, with no presence of cancer
cells.>® Present macrophages can be simultaneously polarized towards a tumoricidal phenotype, especially when
combined with immunomodulatory TLR (Toll-like receptors) agonists.** Additionally, we showed that such phenomenon
might strictly be associated with the type of the nano-hydroxyapatite used, including differences in size, specific surface
area or thermogravimetric properties. Here, only large nHAP (Sigma-HAP) caused beneficial, in the context of the
cancerous process, reduction of immunosuppressive subset in favor of pro-inflammatory monocytes.

Influence of the large nHAP (Sigma-HAP) was not only limited to the phenotypic changes within monocytes. We
found that the nanoparticles use led to an excessive activation of all tested monocyte subpopulations, demonstrating the
most substantial changes in CD16-positive cells. That was confirmed with an increase in the level of CD69+ monocytes,
which is an early activation marker with induced presence on the surface of monocytes.>”** In consent with our data,
previous research on mice macrophages revealed a promotion of the innate immunities Toll-like receptor (TLR9) and
enhanced response to stimulation with CpG (present in microbial genomes) when nano-hydroxyapatites were applied.*
Assessment of CD163 on the surface of monocytes allowed us to complete the previous observation of monocytes shift
towards non-classical monocytes with concomitant decline in the intermediate subsets. That results from the fact that
CD163 is closely related to the alternative activation of the monocytes and their differentiation into M2 macrophages,
predominantly from the subset of intermediate monocytes.**** Here, we found significant reduction of all the monocyte
subpopulations expressing CD163 in the presence of large tested nanoparticles. Slight drop in frequency was also
reported in the presence of intermediate (GoHAP Type6) and small (GoHAP Typel) nHAP, affecting CD163-positive
non-classical monocytes. Recently, it has been shown that the composition of the nanoparticles can significantly affect
biomaterials influence on macrophages. Tricalcium phosphate hydroxyapatite showed higher induction of inflammatory
response through macrophage-derived release of extracellular traps (METs). In contrast, those materials with reduced
content of calcium were not only deprived of the above-mentioned effects, but also promoted polarization of macro-
phages toward the M2 phenotype.** Interestingly, within inflammatory conditions hydroxyapatite nanoparticles surfaces
were shown to induce alternative activation of macrophages, with an increase in CD163, CD203 and Arg-1.** As
100-150nm nano-hydroxyapatites induced the M2 phenotype,* further experiments might be needed to establish
whether the reported here reduced frequency of intermediate monocytes is associated with their differentiation into
immunosuppressive macrophages. In accordance with the data above, here for the first time, we showed the beneficial
effects of novel hydroxyapatite nanoparticles on monocytes development. Lack of disturbances in phagocytes morphol-
ogy together with preserving proper distribution of the peripheral blood monocytes, support high biocompatibility with
no signs of immunogenicity, in the context of innate immunity cells. Noteworthy, the process of production is crucial as
in the current study most beneficial effects were observed when small nHAP (GoHAP Type3) was implemented.
Therefore, their application in human-related products or medical setting seems to be associated with no risk of both,
inflammatory reactions or unfavorable immunosuppression.

Contrary to monocytes, the tested nanoparticles did not cause such substantial changes in the frequency of CD4+
(helper) T or CD8+ (cytotoxic) T lymphocytes. First, no changes, at any concentration, were reported in reference to CD8
+ T cells. All nano-hydroxyapatites initially reduced the frequency of CD4+ lymphocytes with a slight decline
maintained up to the highest concentration tested. However, the presence of large nHAP (Sigma-HAP) led to a gradual
increase from 20pg/mL resulting in the significantly elevated level of helper T cells at 1000pug/mL. Micro-sized
hydroxyapatites were the only ones (compared to nanoparticles) increasing the numbers of CD3+ lymphocytes within
the femoral bone defect.*’ In contrast, a mice model of osteosarcoma revealed an increase of CD8+ T cells population in
the presence of nano-hydroxyapatites, at the highest rate within the tumor site compared to the spleen, but predominantly
using specific needle-shaped particles.3 % Moreover, nanoparticles of large size were not neutral in the context of
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lymphocyte activation, with an elevated early activation marker (CD69) demonstrated at concentrations starting at
500pg/mL. Another intermediate size nano-hydroxyapatite (Berkley-HAP), also caused an elevation of CD69+ within
the population of cytotoxic CD8+ lymphocytes. In accordance, nano-hydroxyapatites with size of 50nm and larger were
shown previously to induce higher expression of genes related to the activity of natural killer (NK) cells, anti-tumor
mediators and leukocyte migration within the cancer niche.”® Lymphocytes expressing late activation CD25+ marker
were the only affected by the highest dosage of Sigma-HAP nanoparticles, with no changes found in the status of late
activated CD4+ cells. In the previous study, significantly higher values of size and surface ratio within nano-hydro-
xyapatites were associated with a profound impact on the activation and migration of CD8+ lymphocytes, as adjuvants
required for stimulation with the viral antigen.*® Similarly, hydroxyapatite spheres loaded with strontium substantially
improved the response of CD4+ and CD8+ T cells to stimulation with a specific allergen.® Lymphocyte-related changes
reported here revealed substantial influence of the size and hydroxyapatite type. Subsequent studies might demonstrate
the role of those variations in the course of selected conditions, including autoimmune, inflammatory and cancer diseases.
That would allow for the establishment of novel potential clinical applications of the hydroxyapatite nanoparticles.

Cytokine production by peripheral blood cells was predominantly affected by large nHAP (Sigma-HAP), especially
within the range of 20pg/mL to 500pg/mL. Apart from inducing an increase in pro-inflammatory cytokines, higher values
of IL-10 were observed — clearly associated with the production within monocytes. Other tested nanoparticles did not exert
significant changes in the cytokines released into the medium. In contrast, all types used elevated TNF-alpha within
monocytes, with concomitant decline in IL-17A in lymphocytes. Interestingly, other source of IL-17A was activated due to
general increase in that cytokine in supernatants in the presence of high Sigma-HAP doses. It seems that only particles with
a diameter of around 100nm caused the most substantial disturbances in pro- and anti-inflammatory cytokine balance.
Similarly, an increase in TNF-alpha, together with MCP-1, was reported previously at the mRNA and protein level.4¢
Macrophages, as the last stage of monocyte differentiation, were also shown to release higher amounts of TNF-alpha in the
presence of hydroxyapatites exceeding 50nm in size, with concomitant rise in MCP-1.2%33-3% Effects of nano-hydroxya-
patites’ size and aspect ratio effects on the inflammatory response were also reported recently. In a corresponding study only
particles larger than 100—150nm caused a significant increase in IL-1beta - another pro-inflammatory cytokine.*> That was
also confirmed on the macrophages in vitro with elevated TNF-alpha, IL-1beta and IL-1alpha in the presence of large nano-
hydroxyapatites (1um to 1.5um), at the concentration of 250ug/mL.*> Here, we demonstrated for the first time that the use
of large-sized nanoparticles of hydroxyapatite can additionally cause an increase in anti-inflammatory IL-10 release,
presumably associated with monocytes predominantly. That is in contrast with presented previously reduced IL-10
production by mice macrophages in the presence of high (1000pug/mL) concentration of nano-hydroxyapatites.®® In
addition, macrophage-based experiments revealed higher levels of IL-10 when the nanoparticles of around 100—150nm
were administered, compared to large-sized hydroxyapatites.*> However, we presume that the changes reported here might
be related to the presence of other immune cells in the microenvironment and mechanisms controlling the balance between
pro- and anti-inflammatory factors. In fact, in a diabetic in vivo rat model the pro-inflammatory environment was modulated
by nano-hydroxyapatites presence leading to higher expression of another immunosuppressive cytokine — TGF-beta.** A
concomitant increase in immunosuppressive cytokines, apart from elevated TNF-alpha, was suggested as a limitation of
potential nano-hydroxyapatite application in the induction of anti-tumor responses.”’

Functional response of acquired immunity cells to nano-hydroxyapatites was associated with an increase in IFN-
gamma production by lymphocytes. Interestingly, changes were observed after large 100nm hydroxyapatites application
starting at 500pg/mL thus explaining no effects observed in previous studies using dendritic cells, where lower
concentrations were tested.*> More efficient induction of IFN-gamma release by lymphocytes, cytotoxic CD8+ specifi-
cally, was reported when nanoparticles exceeding 300nm were applied to stimulation with viral antigen (HbsAg).>®
Higher values of IFN-gamma were also reported at the site of bone injury in mice, treated with implant consisting
hydroxyapatites larger that 1um.** Excluding the limited increase of TNF-alpha within monocytes at the highest dose,
small-sized GoHAP nano-hydroxyapatites demonstrated the highest biocompatibility and no induction of inflammation.

Considering numerous potential applications, selection of proper nano-hydroxyapatite should be considered in the
context of its immunogenicity. On one hand, certain forms can be beneficial in the context of additional induction of
immune responses at the site of ongoing neoplastic process or even direct killing and inhibition of cancer cells.**' On
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the other hand, some of the small-sized hydroxyapatite nanoparticles, like presented here, might allow for complete
avoidance of the immune system reactivity providing the highest rate of biocompatibility — crucial in the treatment of
injuries and transplantology. At the same time, in the context of bone-related applications, we must select nano-
hydroxyapatites with eventual additives allowing higher osteogenic potential than currently available materials.®>%444>
Data presented here clearly demonstrated the immunomodulatory potential of nano-hydroxyapatites in a structural- and
dose-dependent manner. Further research in this field is of great importance to distinguish the most suitable applications
for the tested nanoparticles. Not only in the development of the most biocompatible and non-immunogenic materials for
implants, but also in therapeutic approaches aimed at the immune system directly or supporting responses in anti-cancer

procedures.

Conclusions

Nanoparticles, particularly nano-hydroxyapatite (nHAP), are extensively used due to their unique properties, but their
effects on the immune system are not well studied to date, justifying the need for research in that field. Here, we showed that
commercial nHAPs like Sigma and Berkley significantly affect immune cell viability, with particle size influencing those
changes. On the other hand, small nHAP (GoHAP Type3) showed no adverse effects on cell viability. Changes in the
monocyte morphology indicated a phagocytic process of the tested nanoparticles, influenced by size and thermogravimetric
properties. Shift towards inflammatory activity was reported with an increase in non-classical and a decline of intermediate
monocytes. Large nHAP (Sigma-HAP) was found to induce higher levels of CD4+ T cells and activation of lymphocytes.
The same nHAP led to the most notable changes in cytokines increasing both, pro- and anti-inflammatory proteins. In
addition, all nHAPs raised TNF-alpha levels in monocytes and reduced IL-17A in lymphocytes, with the highest influence
of large-sized nanoparticles. No substantial differences between nHAPs types were reported in reference to mutual immune
cells correlations. Slight variations of those interactions were affected by increasing doses of high-sized nanoparticles.

Proper nHAP selection is crucial for balancing immune status and biocompatibility, thus its efficient use in clinical
applications, including traumas and transplantology. Small-sized nHAPs may reduce the risk of immune reactivity,
whereas certain nHAPs could aid in cancer treatment by enhancing immune responses or directly inhibiting cancer cells.
Those hypotheses, however, require further research in specific fields.

Taken together, the results of this study support the concept that nanoparticle size represents a dominant parameter
governing the immunological behavior of nano-hydroxyapatites, with small-sized particles exhibiting high biocompat-
ibility and larger-sized particles exerting pronounced immunomodulatory effects. While the present work focused on
representative nanoparticle formulations spanning distinct size ranges, it does not allow for a continuous or threshold-
based analysis across narrowly defined nanoparticle diameters. Future studies employing systematically graded nano-
particle sizes, combined with controlled surface and structural parameters, will be essential to further refine size-
dependent immune response profiles and to identify optimal nanoparticle characteristics for specific clinical applications.
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