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Development and characterization of polymeric microparticle of

poly(D,L-lactic acid) loaded with holmium acetylacetonate

Biodegradable polymers containing radioactive isotopes such as Holmium 166 ( 166Ho)

have potential applications as beta particle emitters in tumor tissues. It is also a gamma
ray emitter, allowing nuclear imaging of any tissue to be acquired. It is frequently used
in the form of complexes such as holmium acetylacetonate (HoAcAc), which may cause
damages in tissues next to the targets cancer cells, as it is difficult to control its linkage
or healthy tissues radiotherapy effects. Poly(D,L-lactic acid), PDLLA, was used to
encapsulate holmium acetylacetonate (HoAcAc) using an emulsion solvent
extraction/evaporation technique. Microspheres with sizes between 20-53 gm‘were
extensively characterized. HoAcAc release from the microspheres was asseSsed through
studies using Inductively Coupled Plasma — Optical Emission Spectroscopy, and the
microspheres showed no holmium leakage after a period of 10 half-lives and following
gamma irradiation. Thus, HoAcAc loaded microspheres arewhere presented as a

potential system for brachytherapy and imaging purposes.

Keywords: PDLLA, holmium acetylcetonate, brachytherapy, microspheres



Introduction

The large variety of particles, techniques, and treated tumors in the studies
provided an important insight into issues concerning efficacy, safety, particle and
isotope choice, and other concepts for future research (Bakker et al. 2017).

Prognosis of hepatic cancers - which quickly tend to originate metastasis in new organs
(Dhanasekahan et al. 2012) has led to many strategies towards the development of new
radiotherapy modalities. These techniques avoid totally or partially the injuries in healthy
tissues caused by the absorption of toxic substances, or side effects related to the passage of
a radioactive particle beam - even by release of auger electrons (Milenic et al. 2004).5The
intra-arterial administration of radioactive particles through a cathetersinto vases directed to
the liver is a new modality, also called hepatic brachytherapy.or radioembolization. Such
particles are tumor-directed radiation delivery systems, limiting the escape rate of
radioisotopes to neighboring healthy organs. The pessibility of delivering higher doses of
radiation may eliminate tumors in a short time, ofurepeated procedures. Moreover, loaded
biodegradable microparticles with a finestuned size can block microcirculation (and nutrient
supply) in tumor tissues. In order to design novel microparticles loaded with radionuclides,

a few characteristics must be/pursued, such as:

(1) resistance to the radionuclide activation (and possibly to gamma-rays sterilization
procedure (Sate=1983);/(2) chemical stability to prevent an earlier elution of radioactive
substances;(3) Tow immunoreactivity (Frank and Fries 1991; Owens and Peppas 2006),
and (4) nartow size distribution, suitable for the embolization, restricted to the organ of

interest.

Beta emitter radioisotopes are widely used for radiotherapy purposes because of
their suitable long path length and low linear energy transfer values. The beta particles

penetrate tissues and interact with atoms, mainly from water, generating excited species,



ionized atoms and/or free radicals that damage organelles and induce single and double
strand breaks in DNA (Lliakis 1991). Holmium-166 is a promising radiopharmaceutical to
be used in radiotherapy (and brachytherapy) procedures, for many reasons. Its beta emission

(Emax = 1.85 MeV) may reach 2.3 mm in tissues (Kim ez al. 2004) and the half-

life of this rare earth element (26.8 h) is long enough for nuclear activation of finalized or
stocked systems well as for proper delivery of higher doses of radiation. The energy of the

holmium gamma emission (Eymed = 80.6 keV (6.06%); Eymax = 1.38 MeV, (0.93%))

(Rajendran et al. 2002; Tuner et al. 1994) penetrates the human body and.allows
scintigraphy diagnostics (Nijsen et al. 1999; Zielhuis et al. 2007; Vente et al. 2008)< The
naturally found holmium is monoisotopic, which turns its activation int@ a simple process

that may be carried out in the Research Nuclear Reactor IEA-R1 (IPEN; Sao Paulo,

. +3 . . . . Q
Brazil). Ho ~ is paramagnetic, thus its compounds are promising’as contrast agents for

image acquisition by Nuclear Magnetic Resonance medical equipment (Speenwoolde et
. . . -1 . ..
al., 2004). However, despite the low toxicity (50-500'mg kg = bodyweight), it is known

that rare earth elements accumulate in.bones (Thunus and Lejeune 1999); hence, they
should be retained inside non-absotbablescompounds or matrixes while they maintain
their radioactive properties, and their preferable release should be in the form of stable
coordination compoundss

A restrictiof to intra-arterial administration of microparticles is their elimination by
human metabolism; The leaking of these microspheres to other organs may induce an
undesirable’ embolization, rupture of vessels and even hemorrhage. Biodegradable and
biocompatible materials are proposed as a matrix for radioisotope loaded particles due to
the perspective of a short time existence, decreasing the possibility of embolization.

The most studied biodegradable material is the poly(lactic acid), PLA. This

polyester can be prepared as dextrogirous (PDLA), levogirous (PLLA), racemic



(PDLLA) and meso (an equimolar mixture of the PDLA and PLLA) (Jacobsen et al. 1999;
Han et al. 2001; Garlotta 2001; Kricheldorf 2001; Seyednejad ef al. 2001; Sodergérd and
Stolt 2002; Avinc and Khoddami 2009; Cheng et al. 2009;). PLAs are very promising for
pharmaceutical and biomedical aims in drug delivery systems and for tissue engineering
purposes (Spinu et al. 1996; Ikada and Tsuji 2000; Dubois and Narayan 2003; Cui et al.

2007; Helen and Gough 2008; Jain et al. 2010; Xu et al. 2011; Leal et al. 2015).

Holmium acetylacetonate loaded PLLA microspheres are often cited as
promising radiopharmaceuticals for hepatic cancer brachytherapy (Lliakis1991;
Mumper and Jay 1991; Nijsen et al. 2001; Van Es et al. 2001; Nijsengetyalx2002;
Rajendran et al. 2002; Zielhuis et al. 2006; Costa et al. 2009; Smits ef al. 2010).
Acetylacetonate complexes are known for their stability, providingsSuitable retention of
the rare earth ion in biological systems. As these complexes,are,smaller, they are easily
eliminated by the human metabolism. On the other hand; PLLA's higher degree of
crystallinity induces a disadvantageous slower degradation under biological conditions
(Hu et al. 2001). Among the PLAs recently investigated by some authors of the present
manuscript (Costa et al. 2009; Piovan et.al:2011), the racemic mixture PDLLA showed
to be an alternative substitute ‘matrix to particulate radiopharmaceuticals due to the
following reasons: (1) it.is cheaper when compared to PLLA, (2) reduced crystallinity,
since it is a racemi¢ material (Avinc and Khoddami 2009) and (3) good biocompatibility
with human cells (Lin ez al. 2006). Additionally, coexistence of D and L lactic acid
monomers.gives PDLLA better thermoplastic properties and might facilitate industrial
processing (due to its lower melting point) and under certain conditions it can be
degraded non-enzymatically. The degree of crystallinity and other properties of this
racemic polyester are controlled by enantiomeric ratio and the type of catalyst used in

preparation (Avinc and Khoddami 2009).



The aim of this study is the production and characterization of PDLLA
microspheres (MS-PDLLA) loaded with holmium acetylacetonate (HoAcAc) for the

treatment of hepatic cancer via brachytherapy through the emission of beta radiation. In
- . .. cy . 165
addition to this application, considering the emission of gamma rays by  Ho, the

microspheres can be used for tissue nuclear imaging purposes. MS-PDLLA and
HoAcAc loaded PDLLA microspheres (MS-PDLLA-HoAcAc) were evaluated by
Differential Thermal Analysis (DTA), Thermogravimetry Analysis (TGA), Scanning
Electron Microscopy (SEM), Energy Dispersive X-Ray Detector (EDS), .Feurier
Transform Infrared Spectroscopy (FTIR) and Laser Optical Microscopy. ‘A gamma
irradiated MS-PDLLA-HoAcAc sample was analyzed by SEM, and the.release of a
complex of microparticles in phosphate buffer pH 7.4 was assessed by Inductively

Coupled Plasma — Optical Emission Spectroscopy (ICP-OES).

Materials and methods

PDLLA (Mw 75,000-120,000, inherent viscesity 0.55-0.75 dL. g_l, melting point of 262

°C, glass transition temperature of 32.9 °C), acetylacetone, holmium III chloride
hexahydrate, and poly(vinyl alecohol) (PVA) 98-99% hydrolyzed (Mw 31,000-50,000)

were obtained from Sigma Aldrich.

Synthesis of HoAcAc, MS-PDLLA and MS-PDLILA-HoAcAc

Raw tri-hydrated HoAcAc was prepared by an adapted method of Nijsen et al. (1999).
Acetylacetone (180 g) was dissolved in 1.0 L of water and the pH was brought to 8.52 with
NH4OH. Holmium chloride (10 g dissolved in 30 mL of water) was added into this solution.

HoAcAc crystals were formed at room temperature after 24 h; the crystals were



then collected by simple filtration, washed exhaustively with water, and dried in a
vacuum oven.

MS-PDLLA and MS-PDLLA-HoAcAc were prepared by the emulsion solvent
extraction/evaporation technique. PDLLA (1.2 g) or PDLLA (1.2 g) and HoAcAc (1.2 g),
were dissolved in chloroform (38 mL) and, under stirring speed of 800 rpm, the organic
solution was emulsified in 200 mL of water with PVA 2% (w/w), for 21 h. During this

period, the organic solvent was evaporated from the system. The solid microspheres

. . . -1
(MS) were collected and washed by centrifugation using ultrapure water, 0.1 meol T

HCI, and ultrapure water again. Finally, MS-PDLLA and MS-PDLLA-HoAcAc were
suspended in ultrapure water and fractionated in stainless steel sieves to dsolate those
with sizes between 20-53 um (ideal for hepatic brachytherapy purposes). The samples

were then freeze-dried.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA)was carried out using a Universal V4.5A TA
Instruments, model 2950 TGA"HR V574 A, under nitrogen atmosphere (10-50 mL min_l),

. . -1 . . . . .
at heating rate of 10 2Gumin-". Differential Thermogravimetric Analysis (DTA) was

performed in a TGA-DTANetzsch STA 409 C/CD, under argonium atmosphere (1 mL

. -1 . . -1
min ) and heating rate of 15 K min . For both TGA and DTA analyses, the

temperatute ranges were of 25-900 °C.



Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images were obtained in a Phillips XL 30
Microscope and JEOL model JSM-7401, with operating voltage of 1.0 kV, and carbon-
covered samples in a Sputter Coater BAL-TEC SCD 050; or in a Hitachi Analytical
Table Top Microscope TM3000 with Energy Dispersive X-Ray Detector (EDS), 15 kV

operating voltage (Analytical mode).

FTIR analysis

Fourier-Transform Infrared Spectroscopy (FTIR) was performed,ina”Nicolet 6700 FTIR
spectrometer equipped with ATR and BOMEM MB-100 Economical High Performance
FTIR. Samples were previously, dried at 100 °C, for 48'hj\1-2umg of material was mixed in

100 mg of KBr to form a pellet. Spectra were measured.in transmittance, wavenumber

range from 4000 to 400 em’.

Fluorescence imaging

Fluorescence images were obtained in a Zeiss Axioscop 40 HBO 50/AC Optical
Microscope using 4 450-490 nm filter for excitation, and monitoring fluoresce emission

at 515 nm. The magnification used was 20x.



Gamma irradiation

The gamma irradiation technique was performed in a Gamma cell IPEN/CNEN-SP, using

a 60Co source, to reach a 25 kGy dose, with dose rate of 1.69 kGy h_1 (Piovan et al. 2011).

ICP-OES analysis

Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) was performed,in
inorganic determinations of low concentrations of the target trace elements;\with-high
sensitivity. ICP-OES Varian Inc. has axially viewed plasma, concentric glass nebulizer and
megapixel CCD detector. Argon was used as the plasma and auxiliary gas. The optical
system was thermally stabilized, containing no moving parts.to ensure long-term stability.

The plasma needed to be turned on 30 min prior to the analysis, for stabilization.

Holmium release studies

For simulations of holmium complex=telease in physiological medium, a sample of 10.0
mg of MS-PDLLA-HoAcA¢,Sliwas left in 50 mL of phosphate buffer saline (PBS, pH
7.40) to simulate sthe release of the holmium complex in the simplest environment
representing a physiological condition. The period of study was 11 days, corresponding

to 10 half-lives of the holmium-166 decay.



Results and discussion

Several preparation methods are described for the use of PLA or PLGA (poly(lactic-co-
glycolic acid) polymers, among which the emulsion-solvent evaporation, phase
separation, spray drying, supercritical fluid, and membrane emulsification methods are
commonly used in practice (Han er al. 2016). In this work, we chose the Emulsion-
solvent evaporation method, an easy process to produce the well-formed microparticles
which are and suitable for small scales, this is the most described method “for

preparation of PLA and PLGA microspheres (Yang and Chi 2000; Rosca et.ai. 2004).

In the Phase Separation Method, the drugs and emulsion droplets are; firstly, dispersed
in the PLGA solvent, forming condensation nuclei, and the new phase (the condensed
phase) is formed after polycoagulant be dropped into thesselvent: The solubility of the
solvent is reduced and precipitates on the surfaces of the condensation nuclei (Mi et al.
2002). Fine spherical microparticles may_be obtained by repeating the processes of
precipitation, dissolution, and precipitation while the mixture was stirred. The current
problem with this method is that a large;amount of organic solvent should be used as the
polycoagulant, which cannot<be removed from the final product, causing toxicity,

environmental pollution, and residues of organic solvent.

In the Spray drying method, polymers are dissolved in a low-boiling-point solvent, into
which the granulated drug is mixed. The polymer solution is, then, sprayed from a
nebulizer'and dried by up-flowing nitrogen gas, forming microspheres. This method is
suitable for preparing drugs, albumin, and peptide embedded microspheres on a large
scale or for industrial purposes (Jain 2001; Giunchedi et al. 2001).

The Supercritical fluid method has been widely used to prepare drug carriers, and it has the

advantages of a less residual solvent, mild reaction and short period of time required.



The method has been used to either implant insoluble drugs into nanoparticles or to
embed drugs in polymers, and drug-loaded microspheres with a core—shell structure
may be manufactured, allowing controlled drug release (Williams ez al. 2002; Jung and

Perrut 2001; Ginty et al. 2005).

The Membrane emulsification method involves the imposition of an external pressure
on a discrete phase, causing permeating on inorganic membrane to obtain a continuous
phase. Uniform microspheres were obtained by controlling the pressure and membrane
bore diameter (Shiga er al. 1996; Gasparini et al. 2008). Compared with traditional
methods, such as emulsion solvent evaporation method, this method was suitableifor the

large-scale manufacturing of microspheres.

SEM, EDS and Optical Microscopy

SEM images of MS-PDLLA and MS-PDLLA-HoAcAc (Figure 1(A,B)) revealed
distinct morphologies. The unloaded polymetic ‘microspheres are spherical and have a
smooth surface. However, the solid loaded'microspheres (with sizes between 20-53 um)
present a rather rough topography.with small, well-spaced round structures on their
surface. The MS-PDLLA+HoAcAc tolerate the gamma rays of 25 kGy, which is
proposed as form of stefilizing materials (as seen in Figure 1 (C,D). The emulsion
solvent extractioen/evaporation technique of synthesis of solid microspheres presents the
advantagestof being a low cost chemical method that is suitable for the production of
microparticles in the desirable size range for hepatic brachytherapy purposes.
Nevertheless, the method of co-axial electrohydrodynamic atomization (EDHA) has
emerged as a one-step process for the synthesis of polymer nano- and microparticles
especially when smaller sizes and narrower size distributions are desired (for instance,

for the delivery of anticancer drugs) (Parhizkar et al. 2016; Reardon et al. 2017; Shams



et al. 2017). Therefore, the choice of the method to be used in the preparation of

microspheres is directly related to the end use of these particles.

FIGURE 1

The fluorescence emission image of MS-PDLLA-HoAcAc showed typical green
fluorescence of holmium III (Figure 2(A)), related to its strongest luminescent decay in
the visible spectra involving the electronic transition 582 518 (Bunzli and Piguet, 2005).
Based on this, a SEM micrograph of raw HoAcAc (Figure 2(B)) washacquired.
Elongated and shiny crystals are morphologically quite consistent as to the aspect of
bright spikes in the MS-PDLLA-HoAcAc (Figure 1(B)). Finallyssthe EDS spectra of
MS-PDLLA-HoAcAc showed peaks of holmium (Figures2(C)). Therefore, the results
indicate a complex loading in polyester matrix, which, agree with the morphological
differences between MS-PDLLA-HoAcAc.and MS-PDLLA. Loading with more than
12% of HoAcAc (Nijsen et al. 2001) is‘considered optimal, so it was estimated that MS-
PDLLA-HoAcAc have a higher amount of the complex, given the thermogravimetric

data which are explained in the following sections.

FIGURE 2

FTIR Spectra

Comparative FTIR spectra of the raw complex, the emulsifying agent, and the
microspheres are shown in Figure 3 and the assignment of their normal modes is reported in

Table 1. According to the literature data (Colthulp ef al. 1990; Kaitia et al. 1996; Diaz-



Acosta et al. 2001; Mansur et al. 2008), the HoAcAc normal modes at 1605 cm_1 and
1524 cm_] reveal coordination of acetylacetonate ligands to the Ho+3 by its enol tautomer
and the broad band at 3421 (:m_1 corresponds to the inner sphere and hydration water
molecules. An interesting property was revealed by the split of v(Ho-O) into two bands

at 494 cm_1 and 474 crn_l, suggesting that the acetylacetonates are bonded to HoJr3

unequally. The most uncommon normal mode is the T(C-H), at 698 crn_1 and 764 cm_l.

Their attribution based on acetylacetonate transition metal complexes (Diaz-Acosta et al.

2001) is “in plane deformation ring mode”, which means that chemical bonds of HoJr3

and bidentate enol tautomer of acetylacetonate may define electronic delocalized

systems resembling aromatic rings.

FIGURE 3

TABLE 1

The PVA spectrum presents charactetistic bands in the range of 3200-3550 cm_1
related to the stretching modev(O-H) and,at 916 cm_1 and 848 cm_l, which are typical

of their isotactic and syndiotactic sequences, respectively (Mansur ez al. 2008). It can be
stated that the MS-PDLIBA “and MS-PDLLA-HoAcAc had a non-expressive
incorporation of the emulsifying agent, once there are no exclusive PVA vibrational
bands in the MS infrared spectra.

The MS-PDLLA-HoAcAc FTIR spectrum presents well-defined normal modes
typical of HoAcAc, which confirms the information obtained by optical microscopy, SEM
and EDS. The fact that the MS-PDLLA-HoAcAc spectrum contains sharper polymer
normal modes than those in the MS-PDLLA spectrum indicates that a high amount of
complex crystals may enhance the packing of polyester. A possible mechanism for this

effect is the replacement of labile inner sphere water molecules by the PDLLA



carbonyl groups. In this case, a new crystallization pattern of PDLLA in the MS-
PDLLA-HoAcAc is expected, which agrees with the morphological differences verified

in the SEM micrographs.

TGA and DTA

A model for HoAcAc degradation was proposed based on the one proposed by
Hussein et al. (1995) and Hussein et al. (1996) applied to lanthanum acetylacetonate

(La(acac)3), which presents many stages of thermal decomposition under N2 atmosphete.

Three stages of propyne elimination are considered by the analogy with the lanthanum

acetylacetonate case (Equations III, IV and V).

Release of hydration water molecules
Ho(acac)ls.3H20H0(acaf)3.2H20 D
[498.29 gmol /516.30 gmol 7].100% = 96.51%
N%

Release of inner sphere.water molecules
Ho(acae)s.2H20OHo(acac)s (II)
[462.26 gmol 516,30 gmol™'1.100% = 89.53%
N%

First propyne elimination
Ho(acac); Hlo(CH3COO) (a]cac)z + CsHa (1II)
[422.19.gmol /516.30 gmol ].100 % = 81.77%
N%

Second propyne elimination
Ho(CH3COO)(acac): Ho(CH3COO):(acac) +CsHa4 (IV)
[382.13 gmol'1/516.30 g.mol'l].IOO% =74.01%

N%

Third propyne elimination and holmium acetate formation
Ho(CHsCOO)z(ellcac) Ho(CI%zCOO)s + CsHa (V)
[342.06 gmol /516.30 gmol ].100% = 66.25%

N%
Holmium carbonate formation

2Ho(CHsCO0)s Ho2(CO3)s + 3CH;COCH: (V)
[509.89 gmol ™ /(2x516.30 gmol )].100% = 49.38%

\Z




Holmium oxycarbonate formation
Ho2(COs)s  Ho202C0s (VII)

[421.87 gmol'l/(2x516.30 gmol'l)].IOO% =40.86%
N2
Holmium III oxide formation
Ho020:C0Os  Ho:203 + CO2 (VIII)
[377.86 gmol'l/(2x516.30 gmol'l)].100% =36.59%

The intent of the TGA analysis was to characterize the thermal degradation

process of HoAcAc and MS-PDLLA-HoAcAc. These results are presented in Figure 4.

FIGURE 4

After two events, considering the similar theoretical and experimental values
(89.53% and 89.47%, respectively), the dehydration of the complex‘issproposed. However,
the output order is 2 molecules of water in the first mass lossgoccurring at 92.46 °C (Figure
4(A)) rather than one, as described by Koojiman et al.(2000): This assignment is based on

the calculation according to HoAcAc with 1 and 3 water molecules in the

minimal formula and molar masses of 480.27 gmol-1 and 516.30 gmol-l, respectively.

This value is consistent with the experimental one, with a percentile residue of 93.08%

in mass. Hence, it can be assumed that‘HoAcAc has probably one inner sphere water

. +3 . R .
coordinated to Ho ~, eliminated at 137.29 °C, during the second mass loss event.

Considering the two energies of v(Ho-O) proposed in the analysis of HoAcAc FTIR
spectrum, the arrangement of acetylacetonate ligands around the rare earth ion is
asymmetrics Consequently, the elimination of propyne molecules is a multistep process.
Nevertheless, the first derivative of HoAcAc TGA curve lacks indication of thermal
events related to individual outputs of first and second propyne molecules (third and fourth
stages of proposed theoretical model). It was noted only the third event of mass loss in TGA

curve, with residue of 74.21% in mass, similar to the theoretical percentage



corresponding to HoAcAc, after a release of two propyne molecules (74.01%). Two
+
acetylacetonates coordinated to Ho 3 define chemical bonds with closer relative

stabilities, so their thermal events (such as degradation to acetate anion due to propyne
release) occur at similar temperatures. Thus, a mixed salt is formed under the average
temperature of 239.51 °C. Final release of propyne and conversion to holmium III
acetate (step V of theoretical model, theoretical mass percentage of 66.25%) was noted
only due to the change in the pattern of the first derivative, although partially hidden by
the following colder thermal event. The last event has average temperature of 281.99:¢C
and it corresponds to the fourth thermal event in Figure 4(A), with an eXperimental

mass percentage is 66.50%.
However, the fifth thermal event (average temperature” of 400.02 °C) is

unexpected according to the acetylacetonate lanthanum medel. It was attributed as a

mixed salt intermediate with the minimal formula of Ho2(CH3COO)4(CO3) and molar

-1 . . +3
mass of 626.05 gmol ". Such property again'showed 2 acetates strongly linked to Ho ~,

which is consistent with the proposal of two ‘initial acetylacetonates defining quite
similar chemical bonds with the rare"earth.on. Finally, a sixth event involves the mixed
salt Ho2(CH3COO)4(CO3) conversion‘into Ho2(CO3)3. Based on experimental data, the

theoretical model has been redesigned, and the following formulae are proposed:

92.5°C

[Ho(acac)3;(H20)].2H20 » [Ho(acac)3(H20)]+ 2H20 (1Stevent)
[Ho(acac)s:(H20)] » [Ho(acac)s] + H20 (2ndevent)
[Ho(acac)s] 225, [Ho(acac)(CH:COOY:] + 2C:Hs (3" event)
[Ho(acac)(CH:C00):] 2255 [Ho(CHsCOO)s] + CsHs (4™ event)
2[Ho(CH:COO)] “*) [Hox(CH:COO)(COx)] (5™ event)
[Hoo(CHsCOO)(CO3)] =5 Hox(COs)s (6™ event)

137.3°C




The HoAcAc DTA curve (Figure 4(B)) displays a thermal event (96.3 0C)

between temperatures of release of superficial and inner sphere water molecules of the
complex. They can be related to the crystal structure rearrangement to form a
dehydrated species. Three other endothermic events occur in temperatures covering the
formation of the intermediate Ho2(CH3COO)4(CO3).

Raw PDLLA has ester bonds in terminal and inner parts of its polymer chains
because of different of hydrolysis rates (Shih 1995). Based on this, it is proposed that a
thermal destruction of polyester (Figure 5(A)) may involve two events. The first)at
320.2 °C, would be a mass loss coming from terminal esters more exposed te-heat
transfer, and the one at 326.8 °C would represent the same process inyolvingiinnermost
groups. At 383.9 °C, total degradation of material is observed. ThesPDLLA DTA curve
(Figure 5(B)) shows a thermal event at about 103.0 °C, which'is assigned as melting of
amorphous PDLLA (Kaitia et al. 1996). The DTA cufve shows an endothermic event at
306.2 °C and an exothermic one at 326.5 °C, caused by (1) crystallinity change of the
polymer due to heating and (2) subsequentithermal degradation of the polymer
beginning from the outer esters bonds and followed by inner ones.

FIGURE 5

The MS-PDLLA.TGA curve (Figure 5(C)), presents the first mass loss at 79 °C,

which is attributed to the release of residual organic solvent and water from the
microspheres. The DTA curve (Figure 5(D)) showed thermal events at 266.2 °C and 296.2
0C, which revealed changes in the intermolecular and intramolecular interactions of the

melted polyester prior to its thermal decomposition. The TGA curve of the raw polymer
(Figure 5(A)) contained two small mass losses at 320.2 °C and 326.8 °C, attributed to two

kinds of degradation of the polyester. However, the MS-PDLLA curve showed only one



mass loss at a slightly higher temperature (333.7 °C). This might indicate that melted
MS-PDLLA is more disordered than the raw polymers.

MS-PDLLA-HoAcAc began to degrade in lower temperatures than MS-PDLLA
and raw PDLLA, (data not shown), possibly because the first material is less crystalline.
The first mass loss at 81.70 °C is assigned to loss of residual organic solvent and
hydration water molecules. The second weight loss of 63.41% at 197.3 °C is ascribed to
degradation of polyester chains. The third mass loss of 8.24%, at 422.4 °C represented

full decomposition.

The DTA curve of MS-PDLLA-HoAcAc (data not shown) showed that the
polymer melting temperature (108.4 °C) was slightly higher than the'MS-PDLLA one
(103.1 °C), which might indicate an increase in degree of crystallinity with the presence

of Ho(AcAc)s. There were two thermal events; an endothezmicione at 231.3 °C, and an

exothermic one at 256.2 °C. They are proposed t0 be related to structural changes
between the polymer and HoAcAc aleng ‘the, thermal decomposition of the
microspheres, as it can be observed in“IGA curve. At 370 °C, the endothermic event
was very similar to the one seen in.raw,Ho(AcAc)3 hence it is assigned to a crystalline

rearrangement of intermediates.

Release of HoAcAc from MS-PDLLA-HoAcAc in phosphate buffer saline (pH 7.40)

The clinical ‘application of holmium acetylacetonate microspheres (MS-PDLLA-
HoAcAc) for the intratumoral radionuclide treatment of solid malignancies requires a
thorough understanding of their stability. Preliminary studies of those were conducted
analyzing the potential release of the holmium complex in a solution that mimics the

physiological environment (Bult ef al. 2012). The release of the holmium complex in

+
phosphate buffer was performed using a calibration curve (Intensity (c/s) x Ho3



concentration (ppm)) to a reference solution of holmium III chloride, which presented the

Curve Equation: y = 9493.7 x + 1251.8 and Correlation Coefficient: R2 =0.99888]1.

The sample before and after 25 kGy gamma irradiation seemed to present a

. 3+ . . . .
negative value for Ho™ in the solution, as described in Table 2. The negative value was

assigned to the sodium ion contamination in raw products used to prepare the buffer and

the contamination has unknown source.

TABLE 2

Conclusion

The presence of the HoAcAc in microspheres was confirmed™bywEDS analysis,
fluorescence techniques and SEM images. HoAcAc was not, free and even the
sterilization of microspheres by 25 kGy gamma irradiation dose did not lead to HoAcAc
leakage. Thus, we present MS-PDLLA-HOAcAc¢ as a promising system for
brachytherapy purposes. Nevertheless, prion, towtheir use their stability in biofluids

should be assessed and toxicology tests'must be carried out.
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LEGENDS

Figure 1. Scanning Electron Microscopy (SEM) images of (A) PDLLA microspheres
(MS-PDLLA) and (B) HoAcAc loaded PDLLA microspheres (MS-PDLLA-HoAcAc)
with magnification of 1000x. SEM images of (C) MS-PDLLA-HoAcAc before
irradiation and (D) after a 25 kGy gamma rays dose. No morphological change or

HoAcAc leakage was observed after the irradiation.

Figure 2. (A) Optical microscope fluorescence image of HoAcAc loaded PDLLA
microspheres (MS-PDLLA-HoAcAc) (magnification 20x); (B) Scamning Electron
Microscopy (SEM) image of HoAcAc, raw crystals (magnification _500%). (C) Energy
dispersive X-ray spectroscopy (EDS) spectra of the MS-PDLLA=HoAcAc displaying

typical holmium peaks, which confirms the HoAcAc loading inside the microspheres.

Figure 3. Fourier Transform Infrared Spectroscopy (FTIR) spectra of HoAcAc, PDLLA
microspheres (MS-PDLLA), HoAcAc loaded PDLLA microspheres (MS-PDLLA-

HoAcAc) and poly(vinyl alcohol) (PVA).

Figure 4. (A) Thermogravimetric analysis (TGA) curve of HoAcAc and its first
derivative showing censecutive thermal events which correspond to a multistep propyne
loss leading ‘to, Ho2(CO3)3 as the end product; (B) Differential thermogravimetric

analysis (DTA) and TGA curves of HoAcAc.

Figure 5. (A) Thermogravimetric Analysis (TGA) curve and its first derivative and (B)
DTA and TGA curves of raw PDLLA. A change in polymer crystallinity followed by

destruction of outer ester bonds and then inner ester bonds is proposed. (C) TGA and its



first derivate curve and (D) Differential Thermogravimetric Analysis (DTA) and TGA
curves of PDLLA microspheres (MS-PDLLA). Only one mass loss corresponding to

polymer thermal degradation is observed, indicating a higher degree of disorder.
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Table 1. Assignments to normal modes of HoAcAc, emulsifier agent and the prepared

microspheres.
HoAcAc PVA MS-PDLLA MS-PDLLA-HoAcAc Assignment
3421 3421 3490 3437 U O-H)
2997 2997 2997 WC-H)
2966 2943 2947 2497 U C-H)
2924 2912 WCH)
1716 1755 1759 UC=0)
1650 UC=C)
1558 1627 UC=0)
1605 1612 UC=0)
1524 1524 UC=C)
1450 sh 1458 1462 1454 ACH,p)
1438 &CH,p)
1396 UC=0)+UC=C)
1373 1389 1385 &CH,y)
1350-1180 a(CHy)
1280 1273 Va(G2C-0)
1265 1273 UC=0)+1(C-CH;)
1242 P(HO-CCHy)
1188 1188 1a,(€-C-0)
1145 1134 1126 UC-C-C);+p(CHs)
1095 1084 1088 UC-0)
1041 1049 Veym(O-CH)
1018 P(CH;)+v(C=0)
956 957 Veym(O-CH,)
922 922 UC-CH;)
864 868 WC-C-C);,+p(CHs)
848 UC-C-0);,
764 2(C-H)
752 756 p(C=0)
698 A(C-H)
663 698 698 XC-OH),,
656 UC-CH;)+(Ho-0)
602 @(C=0) enol
536 536 &0=C-CHs)
494 WHo-0)
474 WHo-0)
455 451
424 AC=C-CHs)

Abbreviations: sh = shoulder..op’= out of phase, ip = in phase; ass = asymmetric; sym = symmetric; v
= stretching, 6 = bending, p = rocking, ® = wagging.



Table 2. Intensity and Ho®" concentration in phosphate buffer, pH 7.4, related to holmium III

BLANK - phosphate buffer 9.865 - -
MS-PDLLA-HoAcAc SI
(11 days) 31.71 21.845 -0.129
MS-PDLLA-HoAcAc-25kGy SI
(11 days) 7.964 -1.901 -0.132
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