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A B S T R A C T

Nanoporous polymer microspheres fabricated from biodegradable and biocompatible polymers such as poly (L- 
lactic acid) (PLLA) are excellent candidates for bone tissue engineering due to their high surface area and 
porosity. However, nanoporous surfaces often exhibit high hydrophobicity, and the lack of functional groups on 
PLLA limits their ability to support the efficient biomineralization process required for bone tissue engineering. 
In this study, we report a mild and non-destructive surface oxidation method to functionalize the surface of 
nanoporous PLLA microspheres using light-activated chlorine dioxide (ClO₂•) radical gas. This gas-phase surface 
oxidation approach introduces polar functional groups onto the microsphere surface while preserving its 
nanoporous morphology. The oxidation process was optimized via X-ray photoelectron spectroscopy (XPS) and 
toluidine blue (TBO) dye adsorption studies. Scanning electron microscopy (SEM) and nitrogen adsorption- 
desorption isotherm measurements confirmed that the nanoporous structure remained largely intact post- 
oxidation. Importantly, the oxidized microspheres were successfully functionalized with carboxyl and hydrox
yl groups and exhibited improved hydroxyapatite deposition upon immersion in modified simulated body fluid 
(mSBF). This work demonstrates a facile, non-destructive strategy for surface functionalization of nanoporous 
PLLA microspheres without sacrificing their nanoporous architecture, representing a crucial step towards 
developing nanoporous biomineralizable scaffolds for future bone tissue engineering applications.

1. Introduction

Polymer nanostructures have raised great interest in various appli
cations, including immobilization of biologically relevant molecules, 
functional adsorption and separation materials, and implantable 
bioactive scaffolds. Nanoscale structures offer a larger surface area to aid 
the adsorption and separation of molecules and closely mimic extra
cellular matrices for biological applications compared to their flat 
counterparts [1–3]. Numerous natural and synthetic polymers, 
including polyhydroxyalkanoates (PHAs) and poly (L-lactic acid) 
(PLLA), have been fashioned into three-dimensional nanoporous struc
tures, such as microspheres and nanofibers [4,5]. Among them, PLLA is 
an attractive choice due to its FDA-approved biocompatibility, suitable 
for producing materials focused on biological applications [6].

Bone tissue engineering applications require polymers that are not 
only biocompatible but have high porosity and are capable of promoting 
hydroxyapatite (HA) nucleation on their surface, as HA is the primary 
inorganic phase of the bone structure [7]. Polymer nanostructure is an 
attractive choice for preparing bone regeneration scaffolds, as it 

provides a high surface area and interconnected porosity to better mimic 
the natural nanoporous organic bone structure. Additionally, since the 
native bone structure naturally contains hydroxyapatite to provide 
mechanical strength, the HA nucleation ability of a nanoporous polymer 
is essential in developing biomineralizable polymer scaffolds that can 
potentially integrate with native bone tissues for bone tissue regenera
tion applications [8–12]. However, nanoporous PLLA materials are 
inherently hydrophobic and have low surface energy due to their rough 
surface and the bulky methyl groups on their polymer chains [13,14]. 
These properties impede efficient HA nucleation and biomineralization 
on the surface of the polymer nanostructures, as it results in poor hy
drophilicity of the materials. Additionally, pristine PLLA lacks the polar 
functional groups, such as carboxyl and hydroxyl groups, that act as 
nucleating sites to attract Ca²⁺ for efficient hydroxyapatite deposition 
[10]. Hence, it is necessary to modify the surface of nanoporous PLLA 
materials as an important first step towards expanding their potential as 
nanoporous bone regeneration scaffolds.

Various strategies have been explored to modify the surfaces of 
polymer structures to enhance their hydrophilicity and to introduce 
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polymers with suitable reaction sites for functionalization. Techniques 
such as plasma treatment, laser ablation, and ion-beam illumination are 
commonly used to impart surface functionalities onto polymer surfaces 
without the need for solvents [15–17]. However, modification of poly
mer substrates via these approaches is usually accompanied by changes 
in the morphology of the polymers, such as corrugation, engravement, 
and surface roughening [18]. Moreover, the short interaction time be
tween the modifying agent and the outermost surface of the polymer 
restricts the surface functionalization to flat or two-dimensional surfaces 
such as thin films, nanofibers, and membranes [19]. Additionally, these 
methods are used to introduce surface roughness on smooth polymer 
microparticles or microspheres alongside surface functionalization. As a 
result, the original morphology of these materials is often lost during the 
process [20].

On the other hand, wet-chemistry methods ensure homogeneous 
surface functionalization of three-dimensional polymer structures. 
Polymer materials are immersed in acidic or alkaline solutions to hy
drolyze their surface to generate carboxyl and hydroxyl groups. The 
drawbacks of these methods are evident from the degradation of the 
surface of the porous polymer after modification [12]. Techniques such 
as diazonium chemistry and polydopamine coating favor surface 
modification of polymer materials without significant degradation [19,
21]. Nevertheless, the exploration of these techniques for modifying the 
surface of nanoporous PLLA material is relatively rare, with limited 
studies addressing their effectiveness in modifying delicate nano
architectures without significant morphological change for further ap
plications, especially in bone tissue engineering applications.

To address these limitations, we first prepared nanoporous PLLA 
microspheres and utilized light-activated chlorine dioxide radical (ClO2

•) 
gas to functionalize the surface of nanoporous PLLA microspheres 
without compromising their nanoporous architecture. Chlorine dioxide 
radical (ClO2

•) gas acts as an effective C–H bond oxygenation agent to 
effectively introduce polar functional groups on the surface of many 
polymers, including PLLA [22–24]. The (ClO2•) gas is generated by 
irradiating an acidified solution of sodium chlorite (NaClO2) to generate 
chlorine (Cl•) radical gas. The Cl• radicals in gaseous form can easily 
pass through the PLLA microspheres, and upon contact with its surface 
polymer chains, the radicals cleave the C–H bonds on the surface to 
form methyl radicals. The methyl radicals form oxygenated products 
with the subsequent addition of singlet oxygen to form PLLA materials 
functionalized with carboxyl and hydroxyl groups [24,25].

In this study, we first optimized the surface functionalization process 
by evaluating the effect of oxidation time and illumination intensity of 
the UV light on the elemental ratios, concentration of surface functional 
groups, and concentration of carboxyl groups on the surface of PLLA 
microspheres via XPS and toluidine blue O (TBO) dye adsorption 

measurements. The preservation of surface nanoporosity after surface 
oxidation was evaluated using SEM imaging and BET adsorption mea
surements. Additionally, the surface reactivity of the newly introduced 
polar functional groups was further assessed through CO2 adsorption 
measurements. The CO₂ adsorption was used as an indirect probe of 
surface polarity after oxidation, as previous work had outlined the 
enhancement of CO2 adsorption of porous materials due to the presence 
of carboxyl groups. As a result, the presence of polar functional groups 
on the surface of nanoporous PLLA microspheres increases the HA 
nucleation ability upon immersion in modified simulated body fluid.

Overall, this study outlined a facile surface modification method 
using light-activated chlorine dioxide radical to effectively oxidize and 
introduce polar functional groups onto nanoporous PLLA microspheres. 
The gas-phase oxidation process preserves the delicate nanoporous ar
chitecture of the PLLA microspheres. Most importantly, our results 
demonstrate the ability of this non-destructive surface modification 
method to prepare functionalized nanoporous microspheres with 
enhanced biomineralization ability. All in all, this approach represents a 
key first step towards developing nanoporous bioactive scaffolds for 
potential bone tissue engineering applications.

2. Experimental section

2.1. Materials

Poly (l-lactic acid) (PLLA, Ingeo™ Biopolymer 4032D) was pur
chased from Nature Works (Minnesota, USA). 1,3-dioxolane, 2-buta
none, ethanol, and isopropyl alcohol (IPA) were purchased from Nacalai 
Tesque Inc. (Kyoto, Japan) and were used as received. Sodium chlorite 
(NaClO2) and toluidine blue O (TBO) dye were obtained from Sigma- 
Aldrich. Concentrated hydrochloric acid was purchased from FUJI
FILM Wako Pure Chemical Corporation. The salts used for the prepa
ration of the modified SBF solution, NaCl, KCl, MgSO4, MgCl2, NaHCO3, 
CaCl2, and KH2PO4, were purchased from Wako Chemicals.

2.2. Preparation of nanoporous PLLA microspheres

Nanoporous PLLA microspheres with diameters around 49.4 ± 2.8 
µm were prepared as outlined in previous research [14]. In brief, 10 g of 
PLLA was dissolved at a fixed concentration of 10 % w/v in a 100 mL 
ternary solvent system of 1,3-dioxolane/2-butanone/water. The ratio of 
the ternary solvent system was kept at 10/85/5. A homogenous polymer 
solution was obtained after stirring for 2 h. The PLLA solution was then 
poured into a glass container placed in an ice bath and quenched for 
another 2 h to form a gel-like solution. The gel-like solution was then 
sonicated and added to excess isopropyl alcohol for solvent exchange for 

Fig. 1. Oxidation set-up for surface oxidation of PLLA microspheres using light-activated chlorine radical gas.
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2 days, followed by vacuum filtration. The collected microspheres were 
then dried under vacuum for 8 h until a constant weight was obtained. 
The nanoporous PLLA microspheres in powder form were stored in a 
desiccator until further use.

2.3. Surface oxidation of nanoporous PLLA microspheres

250 mg of dry PLLA nanoporous PLLA microspheres were placed into 
a glass filter tube, and the oxidation set-up was assembled as shown in 
Fig. 1. An aqueous solution of 200 mg of NaClO2 in 14 mL deionized 
water and 0.2 mL HCL was prepared beforehand and placed into a gas 
wash. The gaseous oxidizing agent consisting of (ClO2•) gas was then 
generated by irradiating the solution in the gas wash with UV light from 
PiPhotonics (Shizuoka, Japan, HOLOLIGHT KAKU Lamp, λ=365 nm). 
The gas flowed through the PLLA microspheres using a CHIKARA α1500 
pump from NISSO (Osaka, Japan) at 1.0 L/min. The aqueous oxidizing 
solution was replaced every 20 min to ensure a continuous supply of 
oxidizing gas. The PLLA nanoporous microspheres were redispersed 
using a vortex every 10 min to ensure homogeneous oxidation. After 
oxidation was completed, the PLLA microspheres were collected and 
washed with 5 % ethanol solution and water, respectively, and freeze- 
dried for 3 days.

2.4. TBO dye adsorption capacity for quantification of carboxyl groups

The cationic TBO dye adsorption test is a widely used method for the 
quantification of carboxyl groups on the surface of polymer, as it in
teracts electrostatically with negatively charged carboxylic groups at a 
basic pH at 1:1 molar ratio [26]. 20 mg of PLLA microspheres were 
dispersed in 1 mL of toluidine blue O (TBO) dye solution (15 mg/L) at 
pH 10. The solution was then sonicated for 10 min and placed in a 
Bioshaker for 1 h to ensure complete dye adsorption. The PLLA micro
spheres were removed, and the supernatant was analyzed at 630 nm 
using a microplate reader (SH9000LAB; Corona Electric Co., Ltd., Ibar
aki, Japan). A standard solution of TBO at different concentrations was 
prepared to build a calibration curve (Fig. S1). Using this calibration 
curve, the concentrations of the TBO solutions before and after dye 
adsorption were determined. The adsorption capability was assessed 
based on the concentration difference before and after the adsorption 
process. Subsequently, the dye adsorption capacity was calculated based 
on the equation below. 

qe = (Co-Ct)V/m                                                                            (1)

where qe is the equilibrium adsorption capacity (mg/g), V is the volume 
of solution (mL), m is the mass of microspheres used (mg) and C0 and Ct 
are the initial and final (equilibrium) concentrations.

2.5. Biomineralization of nanoporous PLLA microspheres

50 mg of PLLA microspheres were dispersed in 10 mL of simulated 
body fluid (mSBF) and incubated for 7 days at 37 ◦C to induce hy
droxyapatite growth. The mSBF solution was replaced with a freshly 
prepared solution daily to ensure appropriate ionic concentrations for 
hydroxyapatite growth. After 7 days, the microspheres were collected 

and washed repeatedly with distilled water and finally freeze-dried for 3 
days. The mSBF was prepared by dissolving the following reagents in 1L 
of deionized water, as outlined in Table 1. The pH of the solution is held 
at pH = 6.8 to avoid precipitation of CaP phases. Compared to a typical 
SBF solution, the concentration of CaCl2 and KH2PO4 is doubled in 
amount.

2.6. Characterization

The surface elemental composition of unoxidized and oxidized PLLA 
microspheres was analyzed using XPS (XPS, JPS-9010MC, JEOL, Tokyo, 
Japan). The X-ray source under standard conditions was operated at 12 
kV and 15 mA. The atomic ratio concentration and the peak fitting of the 
high-resolution XPS spectra of C1s were performed using the CasaXPS 
Version 2.3.25 software. The chemical compositions and functional 
groups were determined by an ATR-FTIR (FT/IR4700, JASCO) at room 
temperature with a diamond window. All spectra were acquired at 4 
cm–1 resolution over 100 scans in the scan range of 500–4000 cm–1. The 
elemental composition of mineralized PLLA microspheres was captured 
by Energy Dispersive X-ray spectroscopy (EDX) (HITACHI, Miniscope 
TM 3000 equipped with Swift ED 3000). Powder XRD patterns of the 
microspheres before and after mineralization were obtained using 
SmartLab (Rigaku Corporation, Tokyo, Japan) with a Cu K-beta X-ray 
source and a scanning speed of 2◦ min − 1 over a 2θ range of 5–50◦ The 
wettability of the microspheres was studied with a WCA test using a 
Drop Master DM300, Kyowa Interface Science, Tokyo, Japan, with the 
FAMAS basic software.

The morphologies of the microspheres were characterized by SEM 
using the SU3500 device (Hitachi). The sample was coated with Au–Pd 
by placing it in a vacuum chamber for 3 min and sputtering the surface 
using an ion sputter apparatus (E-1010, Hitachi, Tokyo, Japan) at 1.0 
Torr and 15 mA of electric current. The average diameter of micro
spheres was calculated using ImageJ software by measuring the width of 
30 individual microspheres at various locations of the sample. Before 
analysis, the pixel-distance ratio was set based on the known scale bar on 
the SEM image. Nitrogen adsorption/desorption isotherms were recor
ded using a NOVA 4200e surface area and pore size analyzer (Quan
tachrome Instruments) at 77 K. Before the measurements, the sample 
was freeze-dried for 3 days and then degassed at 40 ◦C under vacuum for 
12 h. The specific surface area and pore size distribution were calculated 
using the Brunauer–Emmett–Teller (BET) equation and the DFT method.

Thermal characteristics of PLLA microspheres were analyzed using a 
differential scanning calorimeter (EXSTAR 6000 DSC6220, SEIKO, 
Tokyo, Japan) at a temperature range of 30–200 ◦C at a heating rate of 
10 ◦C/min under an N2 atmosphere. The amount of heat required to melt 
PLLA (ΔHm) was quantified from the area under the curve of melting 
temperature (Tm). The estimation of the crystallinity of PLLA micro
spheres was calculated using the theoretical heat of fusion of 100 % 
crystallized PLA (93.1 J/g) by using the following equation: 

Xc= (ΔHm/(ΔH0
m) x 100 %                                                             (2)

where ΔHm and ΔH0
m are the heat of the fusion of PLLA microspheres 

and the 100 % crystalized PLLA, respectively. Thermal stability analysis 
was done with STA7000 Thermogravimetric Analyzer (Hitachi, Japan) 
by applying the heating rate of 10 ◦C in an inert nitrogen atmosphere 
(from 30 to 600 ◦C).

The number average molecular weight (Mn) and the weight average 
molecular weight (Mw) of the PLLA microspheres were determined The 
molecular weight of the PLLA microspheres’ surface was measured by 
Gel Permeation Chromatography (GPC) using HLC-8420 GPC (Tosoh, 
Tokyo, Japan) with chloroform as the solvent. Molecular weight was 
calculated with a calibration curve derived from polystyrene standards 
with chloroform as the eluent flowing ratio at 0.5 mL min− 1 and a 
sample concentration of 10.0 mg mL− 1.

Table 1 
Composition of modified SBF (mSBF) solution.

Reagent Concentration (mM)

NaCl 141
KCL 4.0
MgSO4 0.5
MgCl2 1.0
NaHCO3 4.2
CaCl2 2.5
KH2PO4 1.0
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3. RESULTS AND discussion

3.1. Surface oxidation of nanoporous PLLA microspheres

The effect of surface oxidation conditions on PLLA nanoporous 

microspheres was evaluated by preparing samples with different 
oxidation conditions, as summarized in Table 2. The surface oxidation of 
nanoporous PLLA microspheres was first optimized to obtain oxidized 
PLLA microspheres with sufficient polar functional groups and minimal 
surface degradation. Based on the previous research conducted by our 
research group on the functionalization of various polymers via ClO₂•

radical gas, the oxidation strength of the radical gas can be controlled by 
varying oxidation time and the illumination intensity of the UV light 
used to activate the acidified NaClO₂ aqueous solution. UV irradiation 
generates ClO₂• radicals, and the oxidation strength is determined by the 
quantity of radicals contacting the polymer surface. Longer oxidation 
times allow greater radical–surface interaction, thereby increasing the 
degree of surface oxidation. On the same note, higher UV illumination 
intensity generates more ClO₂• radicals per unit time, enhancing 
oxidation efficiency. However, prolonged exposure or excessively high 

Table 2 
Oxidation conditions of PLLA microspheres.

PLA samples Oxidation time (min) Illumination intensity (mW)

20 min 20 mW 20 20
40 min 20 mW 40 20
60 min 20 mW 60 20
60 min 30 mW 60 30
60 min 40 mW 60 40

Fig. 2. XPS analysis: (a) Wide scans of unoxidized and oxidized PLLA microspheres (at 20 mW, 60 min). Elemental ratio, C/O of PLLA microspheres under (b) 
different oxidation times at 20 mW illumination intensity and (c) different illumination intensities at 20 min oxidation time.

Fig. 3. C1s spectra of (a) unoxidized and (b) oxidized PLLA microspheres (20 mW 60 min). The ratio of functional group concentration of C–C/C–H, C–O, and O =
C–O on the surface of PLLA microspheres under different (c) oxidation times and (d) illumination intensity.
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illumination intensity is known to cause polymer surface degradation, 
such as surface erosion and even increased hydrophobicity due to over- 
oxidation and chain scission, which exposes more hydrophobic inner 
polymer chains after oxidation. Therefore, optimization is necessary to 
balance effective surface functionalization without excessive surface 
degradation.

To assess the effect of surface oxidation on PLLA microspheres, XPS 
was first employed in oxidized and unoxidized samples. The atomic ratio 
was analyzed using CasaXPS software to evaluate the effect of oxidation 
time and illumination intensity on the elemental composition of PLLA 
microspheres, and the results are summarized in Fig. 2 (a-c). The 
elemental ratio of C/O on the surface of neat PLLA microspheres was 
0.51. After oxidation at 20, 40, and 60 min, the elemental ratio of C/O 
decreased to 0.47,0.44, and 0.43, respectively. However, when the 
illumination intensity increased from 20 mW to 30 and 40 mW for 
samples oxidized at 60 min, the C/O ratio showed an increase from 0.43 
to 0.45 when the oxidation intensity was increased up to 40 mW.

The ratios of functional group concentrations were analyzed by 
performing curve fitting of the high-resolution C1s spectra from XPS 
measurements, as shown in Fig. 3 (a-b). The C1s spectra were fitted with 
three peaks assigned to binding energies of C–C (284.8 eV), C–O (286 
eV), and O–C = O (289 eV), respectively. As summarized in Fig. 3(c), at 
a fixed illumination intensity of 20 mW, the ratio of C–H/C–C bonds 
on the surface of PLLA microspheres progressively decreased from 53.3 
% to 40.1 % as the oxidation time increased from 0 min (unoxidized 
sample) to 60 min. Furthermore, the ratio of C–O and O–C = O 
increased from 22.3 % to 33.4 %, and from 25.4 % to 26.4 %, 
respectively.

On the other hand, the increase of illumination intensity from 20 mW 
to 30 and 40 mW at a fixed oxidation time of 60 min showed the opposite 
trend Fig. 3(d). As the illumination intensity increased, the ratio of 
C–H/C–C bonds on the surface of PLLA microspheres progressively 
decreased from 53.3 % to 40.1 % while the ratio of C–O and O–C = O 
increased from 22.3 % and 25.4 % to 33.4 % and 26.4 %, respectively. 
Additionally, there is an obvious decrease in the peak at 285 eV corre
sponding to C–C/C–H, accompanied by the increase in both C–O and 
O–C = O in the oxidized sample (20 mW, 60 min).

The increase in oxygen content on the surface of the PLLA micro
spheres after oxidation is due to the introduction of oxygen-containing 
functional groups such as hydroxyl and carboxyl groups, as explained 
by previous research [19]. When the oxidation time was increased from 
20 min to 60 min, the contact time between the chlorine radical gas and 
the PLLA surface increased. As a result, more methyl groups were 
cleaved and subsequently replaced with oxygenated functional groups. 
However, as the illumination intensity increased from 20 mW to 30 and 
40 mW, the amount of oxygenated functional groups decreased. As the 
acidified NaCl2O4 was illuminated with stronger UV light intensity, a 

higher amount of chlorine radical gas was generated during oxidation, 
which led to excessive oxidation of the polymer chain. The excessive 
cleaving of the polymer chain formed smaller polymer fragments that 
were easily removed during the washing process. As a result, it revealed 
the unoxidized, hydrophobic inner portion of the PLLA microspheres. 
Additionally, we attempted to characterize the change in functional 
groups of PLLA microspheres using ATR-FTIR after oxidation (Fig. S2), 
however, no significant differences were observed due to the over
lapping of carbonyl groups with the robust ester peaks on the PLLA 
surface [24,25].

TBO dye adsorption tests were carried out to evaluate the correlation 
between oxidation conditions and the concentration of carboxyl groups 
introduced on the surface of PLLA microspheres, as TBO dye electro
statically adsorbs onto carboxyl groups at a 1:1 molar ratio [23]. As 
shown in Fig. 4(a), the number of carboxyl groups on the surface of 
oxidized PLLA microspheres showed around a 3.5-fold increase from 
0.66 µmol/g to 2.35 µmol/g for the sample oxidized at 20 mW for 60 
min. The TBO dye adsorption capacity increased as the oxidation time 
increased. However, no significant change was observed between 20 
mW and 40 mW illumination intensities, suggesting that higher UV in
tensity does not markedly enhance functional group density under the 
tested conditions. The oxidized PLLA microspheres showed a signifi
cantly deeper color after the adsorption process compared to the 
unoxidized sample (Fig. 4(b)). Additionally, the oxidized PLLA micro
spheres sank to the bottom of the test tube after the adsorption test for 1 
hour compared to the unoxidized sample (Fig. 4(b)), indicating 
enhanced hydrophilicity after being in contact with water for a pro
longed period of time. Interestingly, in the dry state, the oxidized mi
crospheres did not exhibit any significant improvement in water affinity 
compared to the unoxidized sample (Fig. S4). The powdery nanoporous 
PLLA microspheres repelled water droplets, preventing their stable 
formation on the surface. This behavior can be explained by the Cas
sie–Baxter wetting state, where air becomes trapped within the surface 
nanopores, creating a solid–air interface that minimizes the actual sol
id–liquid contact area [14]. Even though the oxidized microspheres 
possessed polar functional groups, the presence of entrapped air pockets 
and the rough surface dominated the wetting behavior, maintaining a 
highly hydrophobic state. However, after prolonged immersion during 
the adsorption test, water gradually penetrated the nanopores, which 
explained the sinking behavior of the oxidized microspheres in aqueous 
solution after 1 hour.

In short, the results of XPS measurements and TBO dye adsorption 
tests revealed the optimum parameters for the surface oxidation of PLLA 
microspheres to be at 20 mW illumination intensity and 60 min oxida
tion time. The dye adsorption test also revealed the enhanced hydro
philicity of nanoporous PLLA microspheres after oxidation, after 
prolonged immersion in aqueous solution.

Fig. 4. a) Dye adsorption capacity of PLLA microspheres under different oxidation conditions and b) images of PLLA microspheres before and after dye adsorp
tion tests.
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3.2. Surface characterization of nanoporous PLLA microspheres

The effect of surface oxidation on the nanoporous structure of PLLA 
microspheres was evaluated using scanning electron microscopy (SEM) 
and BET adsorption measurements. As shown in Fig. 5 (a-b), the PLLA 

nanoporous microspheres fabricated in this work exhibit a spherical 
shape with a nanoporous surface. The nanopores on its surface arise 
from the crystallization of polymer lamellae into spherulites due to the 
polymer crystallization process during the thermally induced phase 
separation process [14]. Based on these images, it is clear that the 

Fig. 5. (a-b) SEM images of PLLA microspheres before and after oxidation, (c-d) nitrogen adsorption-desorption isotherms, and (e-f) pore size distribution of PLLA 
microspheres before and after oxidation.
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surface oxidation process did not significantly alter the nanoporous 
morphology of the PLLA microspheres. As shown in Fig. 5 (c-d), the 
isotherm for both oxidized and unoxidized samples showed a Type IV 
hysteresis loop according to IUPAC classification, which confirms the 
presence of slit-like pores on the surface of PLLA microspheres [27]. The 
surface area decreased from 103.1 to 89.3 m2/g, accompanied by a 
decrease in pore volume (0.53 to 0.49 mL/g) after oxidation. Both the 
oxidized and unoxidized PLLA microspheres have nanopores ranging 
from 5 to 26 nanometers, with average pore sizes of 11.1 and 11.2 nm, 
respectively (Fig. 5 (e-f)). Although the surface area and the pore volume 
of the PLLA microspheres showed a decrease, the presence of intact 

nanopores observed in SEM and the similar pattern of adsorption iso
therms and pore size distribution confirms the mild and non-destructive 
nature of the surface oxidation process.

3.3. Physical properties

The surface modification of polymers via light-activated chlorine 
dioxide radicals induces the degradation of polymers alongside the 
introduction of polar functional groups. The oxidation process led to the 
degradation of PLLA microspheres as evidenced by a decrease in mo
lecular weight after oxidation, particularly for samples with longer 

Fig. 6. a) TGA and b) DSC thermograms of oxidized and unoxidized microspheres.

Fig. 7. a) Weight loss of unoxidized and oxidized PLLA microspheres after degradation in PBS buffer for 14 days. b) Morphology of PLLA microspheres after 14 days 
immersion in PBS buffer.

Fig. 8. CO2 adsorption isotherms of unoxidized and oxidized PLLA microspheres at (a) 194 K and (b) 298 K.
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oxidation time and higher illumination intensity (Table S1). The 
reduction of molecular weight weakens the interactions between poly
mer chains [22]. As a result, the oxidized samples exhibited lower 
thermal stability as seen in TGA measurements. The onset of decom
position temperature for oxidized samples shifted to a lower tempera
ture, from 315 to 285 ◦C (Fig. 6(a)).

The endothermic behavior of unoxidized and oxidized PLLA micro
spheres was studied via DSC measurements. From the DSC spectra (Fig. 6
(b)), the melting point (Tm) of unoxidized and oxidized microspheres 
was 149.5 and 149.7 ◦C, respectively, while crystallinity, Xc, increased 
from 50.9 to 53.6 %. The enhancement of crystallinity can be attributed 
to the removal of amorphous molecular chains on PLLA microspheres 

during crystallization, leaving the more crystalline regions on the mi
crospheres intact. Furthermore, the chain scission that occurred during 
the oxidation process left behind shorter fragments of polymer chains 
with higher mobility. As a result, these polymer chains can rearrange 
and recrystallize into more thermodynamically stable crystalline struc
tures [28].

Furthermore, the degradation behavior of nanoporous PLLA micro
spheres before and after oxidation was evaluated in PBS buffer solution 
at 37 ◦C, and the results are presented in Fig. 7 (a-b) below. The oxidized 
PLLA microspheres exhibited a higher weight loss of 33 % compared to 
oxidized PLLA microspheres (13.4 %). In addition, the SEM images 
revealed considerable structural deterioration of oxidized PLLA 

Fig. 8a. SEM images: a,c) unoxidized PLLA microspheres after mineralization and b,d) oxidized PLLA microspheres after mineralization. SEM-EDX images: e) 
Hydroxyapatite deposition on oxidized PLLA microspheres, f) calcium deposition, and g) phosphorus deposition on the surface of oxidized microspheres.
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microspheres after 14-day PBS immersion. This accelerated degradation 
is likely attributed to the improved hydrophilicity of the oxidized PLLA 
microspheres, arising from the introduction of polar functional groups 
on the surface, as well as the weakened intermolecular interactions 
between polymer chains due to the surface oxidation process, as 
explained earlier.

3.3. CO2 adsorption properties of nanoporous PLLA microspheres

Fig. 8a-b shows the CO₂ adsorption isotherms of both oxidized and 
unoxidized nanoporous PLLA microspheres. The CO₂ adsorption ca
pacity of the PLLA microspheres was evaluated at 194 K and 298 K to 
indirectly assess the success of the surface oxidation process. The 
oxidized microspheres exhibited a slightly higher CO₂ uptake, adsorbing 
113.7 mL/g at 194 K and 5.11 mL/g at 298 K, compared to 110.1 mL/g 
and 2.8 mL/g, respectively, for the unoxidized microspheres. The slight 
increase in adsorption capacity observed in the oxidized sample may be 
attributed to enhanced dipole–quadrupole and electrostatic in
teractions, facilitated by the presence of polar functional groups on the 
microsphere surface. These functional groups introduce negatively 
charged sites that can electrostatically attract the partially positive 
carbon atom of CO₂ molecules [27]. In short, the presence and reactivity 
of the polar functional groups on the surface of the PLLA microspheres 
can be further confirmed due to the enhanced CO2 adsorption capacity 
of the PLLA microspheres after oxidation.

3.4. Biomineralization of nanoporous PLLA microspheres

The presence of negatively charged groups such as carboxylic acids 
and hydroxyls promotes the growth of hydroxyapatite by interacting 
with calcium cations in SBF solutions [29]. The SEM images in Fig. 9
(a-b) show the surface of oxidized and unoxidized PLLA microspheres 
after immersion in modified SBF solutions for 7 days. The surface of 
oxidized PLLA microspheres was covered with spherulitic particles 
composed of plate-like structures. The hydroxyapatite layer formed a 
coating on the surface of oxidized PLLA microspheres as shown inFig. 9
(d). In comparison, the surface of unoxidized PLLA microspheres 
remained bare without the deposition of any obvious spherulitic struc
tures (Fig. c). The diminished porous structure seen in the unoxidized 
sample might be due to the minimal adsorption of salt on its surface. 
Such spherulitic crystalline structures are typical of apatite crystals 
grown from SBF solution, as outlined in many earlier reports [29–31]. As 
displayed inFig. 9 (e-g), the EDX analysis was performed on the samples 
to detect the stoichiometric ratio of the hydroxyapatite formed on the 
surface of PLLA microspheres. The deposition of calcium and phos
phorus is evident on the surface of the microsphere. The Ca/P ratio of 

the mineralized microspheres was 1.58 (Fig. S3), which is comparable to 
the stoichiometric value of 1.67 for hydroxyapatite crystals [31].

To further analyze the crystal phases of the apatite crystals deposited 
on the surface of PLLA microspheres, XRD analysis was performed on 
oxidized PLLA before and after immersion in mSBF solution and 
compared to commercially obtained hydroxyapatite powder. As shown 
inFig. 9(a), the mineralized PLLA microspheres clearly showed the 
presence of hydroxyapatite crystals compared to the bare oxidized PLLA. 
The peaks arising from hydroxyapatite crystals (located at 26◦, 31◦, 33◦, 
and 34◦) were visible in the spectrum for oxidized PLLA microspheres 
(PLLA-HA) after immersion in mSBF solution. The presence of similar 
peaks in both PLLA-HA and hydroxyapatite (HA) spectra confirmed the 
existence of hydroxyapatite growth on the surface of PLLA micro
spheres. However, the HA peaks in the FTIR spectra of PLLA-HA were 
not discernible due to the more robust peaks of PLA (Fig. S2). Addi
tionally, TGA measurements indicated that the hydroxyapatite content 
on the PLLA microspheres was around 5.2 % (Fig. 9(b)). Overall, these 
results suggest the feasibility of oxidized nanoporous PLLA microspheres 
as support for in situ biomineralization of hydroxyapatite using modi
fied simulated body fluid. The oxidized nanoporous PLLA microspheres 
provided adequate nucleation sites for the successful precipitation of 
calcium phosphate crystals to form hydroxyapatite on their surface. 
Hence, the oxidized PLLA microspheres can be a viable candidate to 
prepare PLLA-hydroxyapatite composite for potential bone engineering 
scaffolds.

4. Conclusion

In summary, this work outlined a mild and facile method to func
tionalize the surface of nanoporous PLLA microspheres without signifi
cant change to their nanoporous morphology. Polar functional groups 
were successfully introduced onto the surface of nanoporous micro
spheres while preserving their nanoporous topology. The effect of 
oxidation time and illumination intensity on the surface chemical 
properties of PLLA microspheres was elucidated via XPS and dye 
adsorption measurements. The optimal surface oxidation conditions 
were determined to be at 60 min oxidation time at 20 mW illumination 
intensity. The optimization of these oxidation parameters was essential 
to introduce a sufficient amount of polar functional groups without 
excessive degradation. Most importantly, the SEM measurements and 
BET adsorption studies revealed minimal surface degradation of the 
nanoporous structure after oxidation. Furthermore, the oxidized mi
crospheres showed higher dye and CO2 adsorption capacity and induced 
hydroxyapatite growth on their surface through a simple biominerali
zation process by immersing them in mSBF. All in all, this simple, non- 
destructive surface oxidation technique provides a new avenue to 

Fig. 9. (a) XRD spectra comparison of hydroxyapatite (HA) and oxidized PLLA before oxidation, and after oxidation (PLLA-HA), and (b) TGA analysis of hy
droxyapatite content on PLLA-HA microspheres.
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functionalize nanoporous polymer scaffolds with significantly enhanced 
biomineralization ability for potential bone tissue engineering 
applications.
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