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Highlights

*  PEGylation enhances the biocompatibility of the nanoparticles
*  PEG corrected the thrombogenic profile of the bare nanoparticles
*  PEG molecular weight did not have a significant biological impact

*  Higher molecular weight PEG increased drug loading
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Abstract

Contrast agents are heavily used in order to increase the accuracy of imaging based diagnostic techniques
and since they are intravenously administrated, these agents need to be hemocompatible and
cytocompatible. This work is a follow-up of a previous study where iron doped hydroxyapatite
nanoparticles proved to increase contrast in MRI, however they were also highly thrombogenic when in
contact with blood. To overcome this drawback, a poly(ethylene glycol) coating was added to these
nanoparticles in order to increase hemocompatibility, cytocompatibility and act as a drug carrier, where
two different types of PEG were tested. After PEGylation, the PEG coating around the nanoparticles was
confirmed and quantified, comprising between 3 and 5% of the total mass of the particles. Furthermore,
both coated and non-coated particles were not hemolytical as already expected, however only the
PEGylated ones proved to be non-thrombogenic. Regarding cytocompatibility, at the end of 48h of
exposure only the PEGylated particles were non-cytotoxic, proving the relevance of the coating.
Additionally, the polymeric matrix was capable of increasing the nanoparticles drug loading capacity.
From all these results, it was possible to conclude that PEGylation of iron doped hydroxyapatite

nanoparticles provides a dual functionality, both increasing biocompatibility and drug loading.

Keywords: Biocompatibility; Drug loading; Magnetic hydroxyapatite; MRI contrast agents; PEG;

Surface modification

1. Introduction

Magnetic resonance imaging (MRI) is a very powerful tool for tumour detection, presenting a good
accuracy to safety ratio. Compared with other techniques, it has higher accuracy than ultrasounds, while
being safer than computer tomography since it uses electromagnetic radiation instead of ionizing

radiation.

Interestingly enough, for increased accuracy, these imaging techniques take advantage of certain
compounds that increase contrast, known as contrast agents. In MRI, the most common contrast agent is
gadoteric acid, which is a complex between a chelating agent and gadolinium(III), being heavily used for
shortening the T1 relaxation time [1]. However, despite being commonly and extensively used,

gadolinium is not naturally found in the human body, leading to high levels of toxicity, especially in
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patients with poor kidney function that can develop a fatal condition known as nephrogenic system
fibrosis [2]. Knowing this, researchers shifted towards alternatives, such as magnetic iron-based
nanoparticles (NPs). These NPs are good substitutes, since iron is commonly found in the human body
and the small size of the particles allowed an easy administration [3]. One example of these are ferrite
NPs, which are superparamagnetic oxides and can reduce the T2 relaxation time, with products like
Feridex® and Combidex® being already developed [4]. To show this, Weng et al. made a comparison
between iron oxide nanoclusters and gadolinium based contrast agents, reporting an increased biosafety
profile of the iron oxide materials [5]. Yet, despite iron being safer than gadolinium, the high
concentration of iron and the low biodegradability of these magnetic NPs make them also connected with
bioaccumulation and toxicity [6]. To counteract these problems, magnetic hydroxyapatite (HAp) NPs are
proposed as a solution due to the high biocompatibility and biodegradability of HAp [7,8]. Several studies
have already proved that iron introduction into the structure of hydroxyapatite provides magnetic
properties to its usually non-magnetic behaviour [9-12]. Moreover, our previous studies showed that iron
doped hydroxyapatite (FeHAp) NPs can be used as contrast agents in MRI [9,13]. Therefore, combining
the magnetic behaviour, the low iron concentration and the degradability of these NPs, they should be

adequate to be used as safer MRI contrast agents.

Nevertheless, these nanosystems are usually intravenously administrated. In the blood system, they must
avoid deposition and aggregation, while being hemo- and cytocompatible for an appropriate mode of
action. In a previous study of ours, FeHAp NPs did not induce hemolysis, however they were highly
thrombogenic, which is a critical factor in intravenous administrated systems [13]. Thrombus formations
lead to clogged blood vessels and consequently, surface modification of NPs with biocompatible
polymers has been indicated for improved colloidal stability, hemocompatibility and lower toxicity. As an
example, a study made by Pinto er al. showed that the adsorption of polymers such as Polyethylene
Glycol (PEG) and Polyvinyl Alcohol (PVA) onto the surface of graphene platelets highly increased their
cytocompatibility and hemocompatibility [14]. In fact, PEG is one of the most studied biocompatible
polymers and due to its hydrophilic characteristic, it enables the modification of NPs in order to prevent
agglomeration, avoid protein adsorption and improve biocompatibility. With this thought, Lankveld et al.
compared bare gold NPs with PEGylated ones, concluding that the PEG modification induced higher
circulation times and made the NPs less prone to be uptake by the reticuloendothelial system, increasing

the NPs half-life inside the organism [15].
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PEG can be covalently attached to some NPs or can also be non-covalently added. This last alternative
creates a matrix around the NPs which can act as a drug carrier as proven by Ledn et al. [16]. Such
evidence is of major importance, since one of the main causes for chemotherapy low success rates is its
systemic action, versus which drug carriers purpose an enormous advantage. Drug carriers limit the
region of action, by transporting their contents to a specific region such as the tumour microenvironment.
Such feature enables not only a more efficient profile for the treatment but also the administration of

lower doses, ultimately leading to lower economic costs and systemic toxicity.

With this being explained, this work proposes the modification of FeHAp NPs surface with PEG using
PEG2000 and PEG8000, in order to avoid the thrombogenecity found in a previous work [13]. The
composites were also put into contact with fibroblasts for cytocompatibility assessment, and a

chemotherapeutical drug was introduced in order to create a drug carrier.

2. Materials and Methods

2.1 Nanoparticles synthesis and PEGylation

FeHAp NPs detailed production is described elsewhere [9]. Briefly, solutions of iron (III) nitrate (98+%,
Acros Organics, USA) and orthophosphoric acid (85 wt% solution in water, Acros Organics, USA) were
added dropwise into a previously heated to 100 °C, calcium hydroxide (98% extra pure, Acros Organics,
USA) solution. The pH was continuously measured and kept at 10 by adding ammonium hydroxide (25%
solution in water, Merck, Germany) as needed. After 2h of reaction, the particles were washed by
centrifugation with ultrapure water, dried at 60 °C and powdered. Finally, the NPs were sintered for 1h at

1000 °C with a heating rate of 5 °C min™' and stored in a desiccator for further use.

PEGylation of the NPs was performed in a non-covalent manner. With this purpose, 1% PEG2000
(Sigma-Aldrich, USA) and PEG8000 (Sigma-Aldrich, USA) solutions (w/v) were prepared separately, to
which FeHAp NPs were added in a 1:1 ratio. The mixture was stirred for 7h at room temperature, further
washed by centrifugation at 10 °C, dried under vacuum at room temperature and finally stored at 4 °C.

The PEG coated NPs were denominated PEG2 and PEG8 for PEG2000 and PEG8000, respectively.

2.2 Physicochemical characterization of FeHAp and PEGylated NPs
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Morphological, atomic composition, crystallographic studies and iron content of FeHAp NPs were done
by transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD) and Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES),
respectively. The results were already published and can be observed in the supplementary data on Fig.

S1, Fig. S2 and Table S1 [9].

In order to confirm the formation of a PEG coating, Fourier Transform Infrared (FTIR) spectroscopy
analysis was carried out. Infrared spectra were recorded in a FTIR spectrometer (Perkin-Elmer, USA),
with a 4 cm™! resolution and after an averaging of 32 scans per sample. Before analysis, pellets of KBr
were prepared by mixing 1 mg of the NPs with 200 mg of potassium bromide and compressed in a
hydraulic press (Grasedy Specac, USA). Pellets were produced in a low humidity environment for

improved sample quality.

2.3 Thermogravimetric analysis

The thermal behaviour of the FeHAp and PEGylated powders was studied by thermal gravimetric
analysis (TGA), using a NETZSCH STA 449F3 (NETZSCH, Germany). The thermal cycle, under
nitrogen atmosphere, started with a one-minute stage at 25°C followed by a 10 °C min™! slope up to 1000

°C.

2.4 Size distribution and Zeta Potential analysis

Particle size, size distribution and zeta potential measurements were determined through dynamic light
scattering (DLS) in a Zetasizer Nano ZS (MALVERN, UK) with a scattering angle of 173° and a He-Ne
630 nm wavelength laser, using a Fraunhofer’s model. For this, the dried particles were dispersed in
ultrapure water at a concentration of 1 mg mL"!. Afterwards, the suspension was diluted 10 times in

ultrapure water before analysis. Three measurements were done per sample at 25 °C.

2.5 Magnetic resonance imaging

MRI experiments were performed with a 3T clinical scanner (Sigma HDXT 3T, GE Health Care, USA).
T2 contrast images were recorded by Sag T2 Fast Spin Eco technique with TR=2500, TE=77,159,
FOV=240 mm, eco train of 120, slices of 1 mm and a band width of 244 Hz. Samples were prepared by
dispersing the NPs in ultrapure water at a concentration of 500 ug mL™!. A water filled well was used as

the control group for qualitative analysis.



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

2.6 Biological evaluation

2.6.1 Haemolysis assay

Red blood cells were isolated from buffy coats (samples were obtained from Immuno-hemotherapy
Service, Hospital S. Jodo, Porto, Portugal). Buffy coats were centrifuged at 4°C at 1500 rpm. The red
bottom layer was isolated and washed three times with PBS. The purified red blood cells were diluted to a
cell density of 2.0 x 108 cells mL'. 100 uL of the red blood cell suspension were added to a 96-well plate,
to which 100 pL of the NPs suspension were added. Incubation was carried for 3h at 37 °C at 80 rpm on
an orbital shaker. Afterwards, the suspensions were centrifuged at 1500 rpm for 15 minutes to collect the
supernatant. Finally, 80 uL were transferred to a 96-well black plate and absorbance was read at 540 nm
in a SynergyMX fluorimeter (BioTek, USA). The haemolysis percentage was calculated as follows:
Haemolysis (%) = (Hb value of sample/Hb of 100% haemolysis with 1% Triton X-100) x 100. The tested
NPs concentrations were 125, 250 and 500 ug mL™!. Controls with PBS (negative control) and 1% Triton
X-100 (Sigma Aldrich, USA) in PBS (positive control for 100% haemolysis) were performed. All assays

were performed in triplicate.

2.6.2 Thrombogenicity

Thrombogenicity of the NPs was evaluated using the whole blood kinetic clotting time method. FeHAp
and PEGylated NPs, as well as positive (glass) and negative (polypropylene) controls, were used in a
concentration of 4000 pg mL™!. Clotting reaction was activated with the addition of 100 uL of CaCl, (0.1
M) to each 1 mL of whole blood. Afterwards, 100 pL of the activated blood was put in contact with
controls and NPs for 5, 15, 25, 35 and 45 min. At the end of each time point, 3 mL of distilled water was
added and incubated for 5 min. The supernatant absorbance was measured at 540 nm, in a SynergyMX
fluorimeter (Biotek, USA). Red blood cells that were not trapped in a thrombus were lysed with addition
of distilled water (which causes complete haemolysis by hypoosmotic shock), thereby releasing
haemoglobin into water for subsequent measurement. The clot size is inversely proportional to the

absorbance value.

2.6.3 Cytocompatibility

Human gingival fibroblasts (HGF, ATCC, USA) were cultured in Alpha Modified Eagle Medium (o-

MEM, Gibco, Germany) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, Germany) and
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1% (v/v) penicillin/streptomycin (Biowest, France) and incubated at 37 °C and at 5% CO,. Trypsinization

and seeding was performed every three days.

The metabolic activity of HGF, in contact with the PEGylated and bare FeHAp NPs, was assessed by the
resazurin assay. Briefly, metabolically active cells can reduce the blue compound resazurin into resorufin,
turning it into a pink-purple appearance that can be detected by spectrophotometry [17]. For this assay,
the cells were trypsinized and seeded onto 96-well plates at a density of 5000 cells per well and incubated
for 24h. In parallel, the NPs were sterilized in ethanol, washed with sterile PBS and then re-dispersed in
complete supplemented o-MEM. After 24h of incubation, regular medium was exchanged for the
nanoparticle-rich medium, at concentrations of 125, 250 and 500 pg mL’!, and the cells were again
incubated at 37 °C and at 5% CO,. After 24h and 48h of incubation, each well was loaded with resazurin
(10% in a-MEM) and re-incubated for 4h. The medium was then transferred to a black 96-well plate and
fluorescence was measured at excitation and emission wavelengths of 566 and 605nm, respectively, in a

SynergyMX fluorimeter (BioTek, USA).

2.7 Drug loading

In this step all solutions were prepared in PBS pH=7.4. A 1 mg mL"! NPs suspension was added to 2 mL
of a 1 mg mL"! doxorubicin (98.0-102.0%, Sigma-Aldrich, Germany) solution and stirred at room
temperature in dark conditions for 24h. The suspension was then centrifuged (4000 rpm, 5 min) and the
supernatant and precipitate were separated. With this, the amount of drug loaded was determined as
follows: Drug loaded (%) = ((total amount of drug — drug in the supernatant) / total amount of drug) x

100.

2.8 Statistical analysis

Statistical analysis and graphs were carried out with the GraphPad Prism 5 software (GraphPad, USA).
Data are represented as mean + standard deviation (SD). Statistical analysis was performed using the
analysis of variance One-way ANOV A, except for the thrombogenicity studies were a Two-way ANOVA
was employed, followed by Tukey’s multiple comparison test, with n=3. Statistical significance was

considered when p<0.05 and represented with * for p<0.05, ** for p<0.01 and *** for p<0.001.

3. Results
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3.1 Physicochemical characterization

The FTIR spectra, presented on Fig. 1A, shows that all samples comprised the characteristic peaks of
HAp. Peaks corresponding to OH- groups can be found at ~3572 cm™! and at 631 cm’!. A broad band and
a noticeable peak associated with adsorbed water are found at ~3436 cm™! and ~1630 cm'. Additionally,
residual carbonates incorporated from atmospheric CO; can be found at ~877 cm'. Lastly, all four modes
of PO4* can be detected at ~960 cm™', ~475 cm™'; ~1044 cm!, ~1090 cm™'; ~570 cm! and ~605 cm’’.
However, regarding the PEGylated NPs, PEG specific peaks can be detected at 845 cm’!, 1345 cm™! and

2888 cm!, which correspond to C-C, —CH and C-O stretching, respectively.
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Fig. 1. Physicochemical characterization of the NPs. A) FTIR spectra of bare and PEGylated FeHAp NPs, a-FeHAp,
b-PEG2, c-PEGS; B) Thermogravimetric analysis at and heating rate of 10 °C min’!, a-FeHAp, b-PEG2, ¢-PEGS; C)
Particle size distribution in water; D) Zeta potential analysis in water with the data being presented as mean +
standard deviation (n=3).

On Fig. 1B is presented the thermogravimetric profile of the NPs. The presence of the polymer was

confirmed due to the formation of a slope at ~300 °C that does not occur on the bare NPs, being attributed

to polymer degradation. On the other hand, pristine FeHAp NPs presented little to no mass variation
(~5% weight loss). Both the modified NPs lost, respectively for PEG2 and PEGS, 8% and 10% until 1000
°C. Taking into the account the mass loss of pristine FeHAp Nps up to that temperature, it can be
concluded that the total amount of polymer at the NPs surface was 3% and 5%, respectively for PEG2 and

PEGS.
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Fig. 2. T2-weighted MR images and the colour coded versions of bare and PEGylated FeHAp NPs at 500 ug mL-'.
The image of water was taken together for the purpose of comparison. In the colour coded image, high and low water
intensities were indicated in red and blue, respectively.

Fig. 1C shows the particle size distribution of the NPs in water. For the bare FeHAp NPs three distinct
populations were detected, one of them with sizes above 4000 nm which corresponds to particle
aggregation. Dispersion after coating with PEG, drastically influenced the dispersion profile, creating one
single population for each type of composite. Moreover, particles hydrodynamic size tended to increase

when comparing PEG2 (approx. 435 nm) to PEG8 (approx. 875 nm).

Regarding zeta potential analysis (Fig. 1D), the samples presented surface charges of -18.2mV + 0.22, -
16.37mV +£ 0.49, -14.63mV = 0.45 for FeHAp, PEG2 and PEGS, respectively. The variation in surface

charge also indicates the presence of adsorbed PEG.

3.2 MRI contrast potential

In Fig. 2 a T2-weighted MR image of the bare and PEGylated NPs dispersed in water may be observed. A
brightness reduction was observed in comparison with water, clearly indicating the potential of these
materials to serve as MRI contrast agents. Interestingly, PEGylation did not negatively impact the
contrast potential of the bare FeHAp NPs, however the rapid deposition of the bare NPs induced a small

decrease in the contrast potential when compared with the PEGylated ones.

3.2 Hemocompatibility analysis

As seen in Fig. 3A, all samples presented high hemocompatibility since the haemolysis percentage (<
2%) of the test groups was very comparable with the negative control (p>0.05). Additionally, no

significant (p>0.05) differences were observable between PEGylated and non-PEGylated NPs.

10
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Fig. 4. Metabolic activity of HGF cells after 24h and 48h of incubation with bare and PEGylated FeHAp NPs at
concentrations of 125, 250 and 500 ug mL!. *** correspond to p<0.001 in comparison with the control group. Data are
presented as mean + standard deviation (n=3).

3.3 Thrombogenecity evaluation

Fig. 3B presents the kinetics of the blood clotting process. Thrombus formation was evaluated for the
PEGylated and bare NPs. In this assay, the size of the blood clot was inversely proportional to the
absorbance level. Red blood cells trapped inside the thrombus are not lysed with the addition of distilled
water (positive control), while the opposite occurs when no thrombus is formed (negative control). From
the test, it was possible to confirm that FeHAp Nps were highly thrombogenic, close to the positive
control (p>0.05). However, the PEGylated samples corrected the problem, leading to less thrombus
formation, being closer to the negative control (p>0.05). Additionally, significant differences (Fig. 3C)
were detected between the bare and the PEGylated samples, clearly indicating the influence of PEG in
avoiding thrombus formations. Still, no significant differences were obtained when comparing PEG2 and

PEGS samples, suggesting that the chain length is not a factor during thrombus formation.

12
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3.4 Cytocompatibility evaluation

The cytocompatibility of the produced NPs was confirmed with the resazurin assay. From Fig. 4, it was
possible to conclude that PEGylation increased the cytocompatibility of the NPs. In fact, after 24h the
bare NPs were biocompatible in comparison with the control group (p>0.05), however this profile
changed after 48h (p<0.001). It was also at this time point that PEGylation proved to be efficient in
reducing the toxicity, since the metabolic activity stayed high and very comparable to the control group

(p>0.05). Still, no significant differences (p>0.05) were detected between the different PEGylations with
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Fig. 5. Loaded drug into bare and PEGylated FeHAp NPs. ** corresponds to p<0.01 and *** to p<0.001. Data are
presented as mean + standard deviation (n=3).

PEG2 and PEGS.

3.5 Drug loading

Fig. 5 shows the amount of loaded drug in the different NPs. The bare FeHAp NPs were able to carry a
small amount of drug (1.96% =+ 0.76) however, the PEGylated NPs could carry a significant (p<0.001)

amount (12.93% =+ 5.14) of drug with PEGS8 being more efficient (30.56% + 4.37) than PEG2 (p<0.01).

4. Discussion

To the best of our knowledge, the combination of FeHAp with PEG was never explored to date for in
vitro biological effects evaluation. The presence of the polymer at the surface of the FeHAp NPs was

confirmed through FTIR and quantified through TGA. FTIR is a technique that characterizes the

13



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

functional groups at the surface of materials and in the specific case of hydroxyapatite derived NPs, the
functional groups that can be detected are phosphate and hydroxyl groups, however with the presence of
PEG carbon associated groups, it was possible to confirm the presence of PEG at the surface of FeHAp
NPs [18]. Moreover, TGA is a useful technique to determine the presence of residual components in NPs.
This method is based on the observation of a mass loss in response to temperature increase. Since the
FeHAp NPs were sintered at 1000 °C no significant mass loss was detected, however on the PEGylated
NPs the abrupt mass loss at 300 °C was attributed to PEG degradation, confirming the presence of a PEG
layer on the NPs [19]. Comparing both PEG2 and PEGS8 samples, the latest presented a higher mass loss,
which was expected due to the higher molecular weight of PEG 8000. In addition, the DLS analysis
indirectly confirmed the presence of the polymer due to zeta potential and size distribution variation.
Regarding the zeta potential analysis, FeHAp NPs usually present a negative surface charge at neutral pH,
due to the abundance of hydroxyl groups, which are also present in the terminal ends of PEG [20].
Despite the negative zeta potential of the PEGylated samples, the value tended to be less negative with
PEG chain size increase. We hypothesize that due to the non-covalent bonding of PEG, it masked the
negative charge of the bare NPs. In fact, Jiang et al. evaluated the zeta potential of chromium-doped zinc
gallate NPs before and after grafting PEG to the surface, concluding that the PEG modified NPs presented
a less negative zeta potential than the bare ones [21]. Moreover, as mentioned in section 1, NPs must
avoid aggregation and as confirmed by the size distribution, bare FeHAp NPs tend to form aggregates
(>4000 nm). Visually, after dispersion in water through sonication, the bare NPs formed visible
aggregates and tended to rapidly deposit at the bottom of the flasks. On the other hand, the PEGylated
samples formed a more stable suspension, being justified by the size distribution, which revealed a single
population of NPs. Such evidence, confirmed the potential of PEG in reducing the interactions between

NPs, and therefore avoid their aggregation and further deposition.

Despite being used for increased biocompatibility of magnetic NPs, polymer coating can alter their
magnetic response. FeHAp NPs are known for presenting a superparamagnetic behaviour which is a
required characteristic for MRI contrast [22]. From the obtained results their contrast potential is
confirmed due to the decreasing brightness. Additionally, the PEG coating provided a more uniform
contrast signal due to the increased stability of the NPs suspension, while the FeHAp NPs tended to

rapidly form aggregates and deposit, leading to an uneven signal.
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Haemolysis in the presence of bare and PEGylated FeHAp NPs was very similar to the negative control,
proving to be non-haemolytic. The potential of NPs to harm erythrocytes derives from their
physicochemical characteristics (e.g. chemical composition, size, shape, surface charge). NPs with
sharper edges are more prone to damage erythrocytes, however the produced NPs have a slightly round
shape and the low haemolytic effects can derive from that [22,23]. Moreover, PEGylated NPs presented
very similar results (p>0.05) to bare NPs, which was expected since PEG is known for increasing the
hemocompatibility of NPs, as shown by Ruan et al., and therefore should not have any negative
contribution [24]. However, due to the lack of hemocompatibility studies on FeHAp NPs it is very
difficult to make comparisons, yet Yildirim ez al. studied the hemocompatibility of mesoporous silica NPs
and obtained very similar results regarding the haemolytical activity. In that study, it was reported that
there is no correlation between surface charge and haemolysis, being the exposed functional hydroxyl
groups responsible for interacting with red blood cells membrane and induce damage [25]. In the case of
FeHAP NPs, there are also hydroxyl groups at the surface, meaning that FeHAp NPs should prove
haemolytical, However, these amount of exposed hydroxyl groups may not be sufficient to induce cell
membrane damage. In fact, Lin et al. reported that mesoporous silica NPs were significantly less
haemolytical than non-porous silica NPs, justifying this occurrence with the amount of exposed hydroxyl

groups [26].

These blood interaction results mimic those obtained in a previous work, where the main problem was
thrombus formation [13]. Fortunately, from the obtained results, PEGylation solved this problem.
Thrombus formation is the last product from the activation of the coagulation cascade [27]. The high
thrombogenicity of FeHAp NPs is directly linked to the trivalent characteristic of Fe3* ions. These ions
easily react with hydroxyl groups of water and produce powerful hydroxyl radicals. Furthermore, these
radicals are the most biologically damaging ones and when in contact with blood increase the formation
of blood clots, deriving from the conversion of soluble fibrinogen into fibrin-like polymers [28]. It is
possible that Fe** ions are released from the NPs and that those are sufficient to start the clotting process.
However, PEG serves as a protective layer around the NPs, ultimately leading to less interaction with
biological fluids and therefore reducing the release of iron ions, which could explain the non-
thrombogenic behaviour of the PEGylated NPs in comparison with their bare counterparts [29]. It is also

important to notice that in this study a high concentration of NPs (4 mg mL!) was tested, being higher
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than the usual dose of intravenously administrated contrast agents (50 mg Kg') which roughly

correspond to 0.5 mg mL!, clearly indicating their capability for being intravenously administrated [25].

Additionally, due to Fe** and Ca*" ions release, FeHAp NPs proved to be toxic to cells after 48h. It is
known that Ca* ions are released from hydroxyapatite NPs during the degradation process that occurs
both intracellularly and extracellularly [30]. In the case of FeHAp, both Fe** and Ca?* ions are expected to
be released, leading to ion imbalances than can disrupt cellular mechanisms [22]. Ca*" excess is usually
associated with mitochondrial damage and activation of an apoptotic response in cancer cells, however on
healthy cells such overload is quickly counterbalanced in order to avoid toxicity [30,31]. On the other
hand, Fe** is related with reactive oxygen species (ROS) production usually via the Fenton reaction,
which leads to the formation of hydroxyl radicals [32]. From the obtained results, since bare FeHAp NPs
did not induce toxic effects after 24h, it was hypothesized that it is derived from the low degree of
degradation and therefore low ions release. However, after 48h a significant decrease in the metabolic
activity was detected, showing the toxic profile of the bare FeHAp NPs, which is probably derived from
the release of Fe** ions. However, the PEGylated NPs did not impact the cell metabolic activity at 48h of
exposure, which could be explained by lower cellular internalization and delayed degradation, since PEG

produces a protective layer around the NPs, limiting their direct contact with biological fluids [29].

Finally, regarding the drug loading experiments, PEGylation induced higher drug uptake. Hydroxyapatite
NPs have already been explored as drug carriers, especially due to their high biocompatibility [33,34]. In
this case, it was observed a slight level of drug adsorption on the bare FeHAp NPs was observed,
probably due to interactions between the negative surface charge of the NPs and the positively-charged
amine moiety of doxorubicin. More interestingly, due to the polymer matrix on the PEGylated samples,
the loaded drug percentage increased significantly, which may be explained through charge interactions
and hydrogen bonding. Additionally, when comparing both PEGylated samples, PEG8 showed increased
drug loading, which may be explained by the longer chains of PEG, that contributed to the matrix size

increase.

5. Conclusions

This work describes an easy solution for increasing the biocompatibility of FeHAp NPs, while creating a

drug carrier for cytostatic drugs with potential application in some cancers. The PEG modified surfaces
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successfully decreased the NPs agglomeration, avoided their high thrombogenic profile up to 4 mg mL"!,
increased their cytocompatibility up to 48h with concentrations as high as 500 ug mL' and even
increased the amount of loaded drug. It is important to emphasize that between PEG2000 and PEG8000
no significant differences were detected on the biologic assays, meaning that the choice between both
polymers only varies depending on the amount of drug that is intended to be loaded. Therefore,
PEGylation is in fact an easy method to provide all the necessary conditions for FeHAp NPs to be used as
a blood administered MRI contrast agent that could also carry a drug for a complementary therapeutic
effect. Additionally, due to the simplicity of the proposed PEGylation method, it can be expanded to

several other types of NPs, increasing their biological applicability.
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