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Abstract

The effect of Argon ion irradiation to the surface properties of poly(lactic-co-glycolic) acid (PLGA)
was studied. A beam of 170 keV Argon ions was implanted at different fluencies (1 x 1012, 1 x 1013,
1 x 1014, and 1 x 1015 ions/cm?). X-ray photoelectron spectroscopy (XPS) was used to analyze the
evolution of the bonding microstructure of PLGA due to irradiation. Surface morphology was mo-
nitored using atomic force microscopy (AFM). AFM analysis shows that film roughness increased
to maximum at the dose of 1 x 101* ions/cm? where the formations of hillocks were also detected.
Hydrophilicity of PLGA is important for their applications in biomedicine such as bioscaffolds.
Hydrophilicity was monitored using water contact angle measurements for both unmodified and
ion-modified PLGA. It was observed that hydrophilicity of PLGA changes with the ion irradiation.
This demonstrates that ion irradiation can be an alternative approach to control hydrophilicity of
PLGA. PLGA scaffolds modified with ion irradiation could therefore be more suitable for the bio-
medical applications.
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1. Introduction

The advances of science and technology have significantly increased the use of flexible, light weight, and mul-
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tifunctional materials. Among the many, the use of biopolymers is gaining more and more advantageous due to
their natural abundancy, bioresorbability, and biodegradability. These properties are vital to maintain clean and
healthy environment by replacing the petro-based polymer that leaves the threatening alarm to the future world.
On the other hand, biopolymers with specific thermal, mechanical, chemical, and morphological properties are
anticipated to use in various biomedical applications such as tissue engineering. In soft tissue engineering such
as a scaffold, the surface properties of the scaffolds should be designed in order to facilitate the cell growth, pro-
liferation, and attachment and finally provide the healthy living tissues. Besides providing a suitable platform for
the cell, the degradation behavior of scaffolds is critical to support the growth cells, transfer cells to the tissues,
and finally clear the matrix. These biological processes will be determined by the surface properties of scaffolds
such as surface roughness, porosity, and surface chemistry.

Poly(lactic-co-glycolic) acid (PLGA) is one of the food and drug association (FDA) approved biopolymers
that are biodgradable and bioresorbable [1] [2]. PLGA is insoluble in water. Due to the presence of ester bond it
is susceptible to hydrolytically attack and form natural metabolites (lactic and glycolic acids) that are eliminated
through the citric acid cycle [3] [4]. The degradation behavior and mechanical property of PLGA are important
for their application in biomedicine. This can be controlled by varying the ratio of lactide and glycolide in the
polymer chain, the molecular weight, crystallinity, and the glass transition temperature of PLGA [5] [6]. PLGA
in its natural forms is not ideal for applications such as scaffold for cell growth [7]. This is due to its low surface
energy and high hydrophobicity compared to the natural extracellular matrix (ECM) resulting in its poor affinity
for the cells growth and their attachment.

Tailoring surface energy of PLGA is thus an important step to bring this polymer into biomedicine. Different
promising approaches have been adopted to modify surface microstructure of polymer such as mixing with na-
nofillers [8], biochemical coating [9] or physio-chemical treatment of the surfaces [10]-[13]. Adhikari et al. [8]
have utilized the graphene platelets as a stage for polymer crystallization which was shown effective to grow
human embryonic kidney cells compared to unmodified polymer. Similarly, Islam et al. [10] demonstrated the
use of gamma ray irradiation on hybrid polymer network of chitosan (CS) with poly(vinyl alcohol) (PVA) to
modify the hydrophilic nature due to radiation-induced polymer scission and reported the non-toxic nature of
modified scaffolds suitable for tissue engineering and other biomedical applications.

The use of irradiation in polymer surface modification is increasing rapidly [10]-[15] by taking advantage of
the energy lost by the high energy particles during interaction with the polymer chain. lon beam interacts with
materials by two processes: inelastic scattering responsible for the electronic ionization and excitation known as
electronic energy loss, and elastic scattering where there is a direct momentum transfer to target materials
known as nuclear energy loss resulting in vacancy formation and interstitials. The degree of damage depends on
ion mass, energy, and the fluencies. These processes are observed dominant in polymer. Figure 1 shows the
energy loss as a function of depth of PLGA based on SRIM2013 calculation. This clearly demonstrates that at
the surface the electronic interaction slightly dominates over the nuclear interaction. The nature of the interac-
tion changes as the energy of the projectile changes. As the energy decreases the nuclear interaction dominates
over electronic interaction. Further, ion fluency can be varied to adjust the defects density. This shows the feasi-
bility of using ion irradiation for surface as well as bulk modification by tailoring energy and the size of the ions.
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Figure 1. Illustration of 170 keV Argon energy loss within PLGA
based on SRIM 2013 calculation.
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The objective of this study is to investigate the role of low energy (170 keV) Argon ion irradiation in the
PLGA surface properties. Samples were analyzed for their surface microstructure by using X-ray photoelectron
spectroscopy and atomic force spectroscopy before and after irradiation. Similarly, the contact angle measure-
ments were performed to account the nature of hydrophilicity.

2. Experimental Section
Materials and Methods

PLGA was received from Purac Biomaterials. The obtained PLGA consist of poly(lactic acid) (PLA) and
poly(glycolic acid) (PGA) in 50:50 molar ratio with inherent viscosity of 1.05 dl/g (molecular weight about
170,000 gm/mol). PLGA was initially stirred in anhydrous Chloroform at room temperature for 24 hours. Thin
films of PLGA were then prepared on Silicon substrate by spin cast method. All samples were then kept in oven
at 40°C for 48 hours to evaporate solvents. Irradiation was performed using ion beam facility (200 keV ion im-
planter) housed in University of Houston. Argon ions of 170 keV were implanted from fluencies 10 to 10"
ions/cm? in a chamber pressure maintained at about 2 x 10°° Pa.

The changes of surface topography were monitored before and after Argon irradiation using atomic force mi-
croscopy from Park Scientific Instruments. The contact mode measurements were made in air with a Silicon tip
of radius 10 nm. The scan rate and scan lines per images are 0.5 Hz and 256 respectively. X-ray photoelectron
spectroscopy (XPS) measurements were obtained by Physical Electronics Model 5700 using monochromatic Al
K, X-ray source 1486.6 eV operated at 350 W. The analyzed area was set to 1 mm diameter and take-off angle
was set in the range of 30 - 70 degrees. The photoelectrons were allowed to pass through a hemispherical ana-
lyzer with a low pass energy filter of 11.75 eV, which resulted in energy resolution of 0.51 eV. Data was
processed using the Multipak software package (Physical Electronics, Inc.). Contact angle measurements were
conducted with sessile water drop method using data physics OCA 15EC contact angle goniometer. The drop
size that was placed on the surface was approximately 1 pL of distilled water. The contact angle dynamics was
studied by measuring left and right contact angle of the water drop over a time span of 3 minutes.

3. Results and Discussion

Atomic force microscopy (AFM) images and the corresponding rms roughness of as deposited and Argon ion
irradiated PLGA is shown in Figure 2. The effects of ion irradiation can be directly visualized from the surface
analysis of the matrix such as change of surface roughness and formation of craters/hillocks. Surface topography
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Figure 2. Tapping-mode atomic force microscopy 2-D images of (a) as deposited PLGA and Argon ion irradiated PLGA
with doses (b) 1 x 10* ions/cm?, (c) 1 x 10 ions/cm?, (d) 1 x 10'* jons/cm?, and (e) 1 x 10*° jons/cm?.
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of unirradiated PLGA (Figure 2(a)) consist of a number of holes, possibly are the process related defects. Fig-
ure 2(b) clearly distinguishes the effect of irradiation where the surface roughness increases with lesser numbers
of holes compared to holes in the as deposited PLGA. An additional feature (bubbles/hillocks) on the PLGA
surface appeared after the Argon fluency of 1 x 10 ions/cm? where the surface roughness increases to a maxi-
mum value of 1.72 nm among the samples studied here compared to the roughness 0.74 nm of as deposited
PLGA. The size of hillock was found varied from 0.2 to 0.5 um from the section analysis. At higher Argon dose
of 1 x 10" ions/cm’the numbers of bubbles/hillocks as well as the surface roughness decreased.

It is well known that ion irradiation deposits energy to the target along the ion track through different
processes that lead to the different types of damages to the target. The possible mechanisms are the energy loss
through electronic and nuclear interaction of projectile with the target materials. In polymer the increase of
roughness is due to the polymer chain scissioning followed by polymer cross linking that also accounts the de-
gradation of polymer. The decrease of roughness for 1 x 10* Ar* ions/cm? irradiated PLGA in our case can be
taken as the dominating process of amorphization of the polymer due to irradiation. Formation of hillocks and
craters in polymer is a well observed phenomenon in ion bombarded polymer. This is due to gas released such
as 0,, CH,, CO; and H, from the chain scission in polymer [14]. Based on model by D. He and M. N. Bassim
[15] the observed hillocks is due to the diffusion of gases and trapped by defects in the polymer formed during
irradiation along the ion track, thus forming bubbles on the surface. The decrease of hillocks number at the dose
of 1 x 10" ions/cm? could be expected as the coalescence of hillocks and finally breaking of blisters with gas
release.

The evolution of surface microstructure of PLGA with the Argon ion was investigated using X-ray photoelec-
tron spectroscopy (XPS). Figure 3(a) shows the C1s spectra of as deposited and Argon implanted PLGA. Plot
shows three carbon peaks at 285 eV (Peak 1), 287 eV (Peak 2), and 289 eV (Peak 3). Similar observation was
made by Shakesheff et al. [16]. Considering the chemical structure of the copolymer PLGA, Peak 1, Peak 2, and
Peak 3 are assigned to methyl group (C-H), to the neighboring (C-O) carbon in the backbone, and the carboxylic
group (C=0) carbon of the polymer respectively. C1s spectra of unmodified PLGA (Figure 3(a)) shows Peak 1
with smaller peak area signifies that PLGA consist of glycolide monomer possessing only methylene and ester
groups compared to the lactide monomer.

lon irradiation deposit energy to the polymer through electronic and nuclear energy loss. Electronic energy
loss results electronic excitation and ionization. On the other hand, nuclear energy loss is susceptible for perma-
nent bond breakage through elastic scattering that results in polymer chain scission. We observed that C-O and
C=0 bhonds in polymer is decreasing with irradiation as observed in Figure 3(b) for ion doses higher than 1 x
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Figure 3. (a) C1s regions of XPS data for PLGA polymer for different Argon
ion irradiation; (b) Variation of atomic percentage of (1) C-H, (2) C-O, (3)
C=0 bonding present in the PLGA polymer.
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10* jons/cm?. This shows that Argon irradiation decreases the peak 2 and peak 3 areas with the increase of ion
fluencies. This clearly demonstrates the PLGA chain scission at doses higher than 1 x 10" jons/cm?.

XPS analysis demonstrated the change of C-H, C-O, and C=0 bonding in PLGA from the Argon ion interac-
tion. PLGA with different combination of lactide and glycolide exhibits wide range of surface sensitive behavior.
In addition, to study the effects of these changes in surface composition of PLGA due to irradiation contact an-
gle measurements were performed to account the hydrophilicity of the unmodified and irradiated PLGA. Figure
4 shows time dependence change in water contact angle of PLGA before and after Argon irradiations. Different
Argon treatments were made to tailor the surface microstructures. A significant change of contact angle ob-
served even for the dose of 1 x 10" Ar ions/cm® where there is clear decrease of contact angle. Contact angle
further decreased and maintained minimum at the dose of 1 x 10 Ar ions/cm? This shows the increase of sur-
face energy of PLGA at doses smaller than 1 x 10* Ar jons/cm®and decreased thereafter at higher Argon dose
(Figure 4 insert). As shown in Figure 1 both the nuclear and electronic interaction compete each other and sub-
sequently generates different types of defects such as vacancy, interstitials, grain boundaries, and atoms with
less number of electrons. These are high energy states which are reactive to the environment. Water possesses
permanent dipole moment which are susceptible to react with the reactive site containing defects mentioned
thereby decreasing the water contact angle. In addition we can predict from these analysis that presence of easter
group is an important factor for hydrophilicity. This demonstrates that ion irradiation can be used for tailor the
degree of hydrophilicity of the PLGA. The next study will be their degradation studies of these modified PLGA
to make use of these defects from irradiation.

4. Conclusion

In summary, PLGA was processed using ion irradiations to tailor the surface behavior such as surface roughness
and hydrophilicity. Atomic force microscopy images of PLGA allowed us to monitor the surface modification
from Argon irradiations. At the Argon dose of 1 x 10* jons/cm? the surface roughness (1.7 nm) of PLGA found
maximum where the hillocks started to form. X-ray photoelectron spectroscopy observation showed that PLGA
surface microstructure can be tailored using Argon irradiation of PLGA. Finally, the water contact angle mea-
surements revealed that Argon irradiation at the dose of 1 x 10* ions/cm? decreases the contact angle to about
65° when compared to unmodified PLGA, demonstrating the increase of hydrophilicity of Argon irradiated
PLGA. Such materials with moderate contact angles value (40° - 70°) are more suitable for their application in
biomedicine such as scaffolds that comparatively absorb more cell adhesive protein [17].
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