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ABSTRACT: Uniform and multifunctional poly(lactic acid)
(PLA)−nanoparticle composite has enormous potential for
applications in biomedical and materials science. A detailed
understanding of the surface and interface chemistry of these
composites is essential to design such materials with optimized
function. Herein, we designed and investigated a simple PLA−
magnetic nanoparticle composite system to elucidate the
impact of nanoparticles on the degradation of polymer−
nanoparticle composites. In order to have an in-depth
understanding of the mechanisms of hydrolysis in PLA−
nanoparticle composites, degradation processes were moni-
tored by several surface sensitive techniques, including
scanning electron microscopy, contact angle goniometry, atomic force microscopy, and sum frequency generation spectroscopy.
As a second-order nonlinear optical technique, SFG spectroscopy was introduced to directly probe in situ chemical nature at the
PLA−magnetic nanoparticle composite/aqueous interface, which allowed for the delineation of molecular mechanisms of various
hydrolysis processes for degradation at the molecular level. The best PLA−NP material, with a concentration of 20% MNP in the
composite, was found to enhance the drug release rate greater than 200 times while maintaining excellent controlled drug release
characteristics. It was also found that during hydrolysis, various crystalline-like PLA domains on the surfaces of PLA−
nanoparticle composites influenced various hydrolysis behaviors of PLA. Results from this study provide new insight into the
design of nanomaterials with controlled degradation and drug release properties, and the underlined molecular mechanisms. The
methodology developed in this study to characterize the polymer−nanoparticle composites is general and widely applicable.
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1. INTRODUCTION

Poly(lactic acid) (PLA), a well-known biodegradable polymer,
has been extensively studied in the past few decades because it
is hydrolytically degradable and its byproducts are nontoxic.1−3

For biomedical and pharmaceutical applications, PLA, prepared
as films, microparticles, microrods, and other forms, has been
commercialized as pharmaceutical adjuvants for drug delivery,
tissue engineering, and surgical implants.4−6 Since PLA has
been proven to be useful in a wide range of controlled drug
delivery applications, utilizing biodegradable PLA in composite
or hybrid systems with other biodegradable or nondegradable
materials is more promising as multifunctional biomedical
delivery carriers. Nowadays, many therapeutic agents, various
NPs, and different proteins have been encapsulated within PLA
as drug delivery vehicles to achieve multifunction.7,8 In
particular, a variety of biomedical nanoparticles (NPs) have
been embedded in PLA polymers to form polymer−NP
composites to pursue new biomedical applications.9 For
instance, superparamagnetic iron oxide Fe3O4 NPs (SPIO),

CdTe quantum dots (QDs), and gold NPs have been surface-
modified and combined with PLA polymers for biomedical
imaging, cell labeling, and therapy.10−13 In our previous work,
the PLA encapsulated microbubbles embedded with SPIO NPs
were found to be effective as ultrasound and magnetic
resonance dual contrast agents.14,15 Additionally, the SPIOs
with PLA coating were reported to be both magnetic field
responsive and useful as drug delivery systems.16 Therefore, the
PLA−NP composite may provide possibilities for combining
the desirable characteristics of PLA with that of NPs, leading to
controlled drug delivery formulations for an even wider range
of biomedical applications.
Biodegradable PLA polymers have been of interest in

controlled release technology for a long time because they
can be absorbed by the body. Especially, the release rate and
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profile of a PLA−NP hybrid system is of great importance for
biomedical applications.17−19 That is, degradation, i.e.,
hydrolysis of PLA, which is directly related to the release
property of a PLA−NP composite, is vital for a controlled PLA
drug delivery system. Many factors, e.g., the molecular weight,20

chemical modification,21 and the introduction of other agents
into the polymer network,22 could influence the release
behavior. Although the degradability of PLA itself has been
extensively characterized,23−26 most of the investigations were
primarily focused on the bulk studies. Molecular mechanisms of
hydrolysis of PLA materials, especially PLA−NP composites,
remain poorly understood. The chemical mechanisms of PLA−
NP hybrid degradation at the molecular level are not well
understood, which may hinder the rational design of PLA
materials in applications that require careful control over the
degradation rate. Moreover, we also believe that understanding
the degradability of PLA near the interface can be equally (or
even more) important for applications of PLA materials in real
biological systems because the PLA molecules first contact and
interact with the surrounding liquid environment at the PLA/
surrounding interface.
In this study, a simple polymer−NP composite system was

designed and investigated to elucidate the impact of NPs on the
surface degradation of polymer−NP composite and to correlate
the surface and bulk degradation mechanism to the
corresponding drug release rate. Specifically, PLA and Fe3O4
magnetic NPs (MNPs) were chosen in this research to form
PLA−MNP composites with various MNP concentrations,
which permit the investigation of the influence of MNPs on
PLA degradation at the molecular level. The degradation
process was examined by multiple techniques including
scanning electron microscopy (SEM), atomic force microscopy
(AFM), and contact angle goniometry (CA). Especially, a
nonlinear optical technique, sum frequency generation vibra-
tional spectroscopy (SFG), was introduced to directly probe
the molecular structure changes at the PLA−MNP composite/
liquid interface in situ, which has been developed into a
powerful tool to study the interfacial molecular structures of
polymers and biomolecules.27−31 Molecular level information
detected by SFG together with SEM, AFM, and CA
measurements allowed us to explore the molecular mechanisms
to interpret the various hydrolysis behaviors of PLA−MNP
composites. Concomitantly, we loaded a hydrophobic drug,
paclitaxel (PTX), into the PLA−MNP composites to correlate
the drug release rate to the polymer composite hydrolysis
behavior. The in-depth understanding of the degradation
process of the PLA−MNP composite will aid in the design of
future drug delivery systems with improved properties and
make full use of the properties of PLA and MNPs to achieve
multifunction in biomedical applications eventually. Also, the
methodology developed here to investigate the hydrolysis
process of the PLA−MNP composite system at the molecular
level is general and can be extended to study other polymer-NP
systems.

2. MATERIALS AND METHODS
2.1. Materials. PLA (Mw ≈ 42 kDa) was supplied by Phusis

(U.S.A.). Paclitaxel (PTX, analytical standard) was purchased from
Aladdin Industrial Corporation (Shanghai, China). The Fe3O4−MNPs
(mean diameter of ∼12 nm) with oleic acid on the surfaces were
provided by Jiangsu Laboratory for Biomaterials and Devices (Jiangsu,
China). Chloroform (CHCl3, ≥ 99.9% purity) and deuterium oxide
(D2O, 99.9 atom % D) were obtained from Sigma-Aldrich (St. Louis,

Mo, U.S.A.). All chemicals were used as received. The molecular
structures of PLA and oleic acid coated on MNPs surfaces are shown
in Figure 1.

2.2. Preparation of PLA−MNPs Composites. First, PLA (0.50
g) was mixed with hydrophobic MNPs of different weights in CHCl3
at room temperature (∼25 °C). Three MNP concentrations were
selected with the PLA/MNPs mole ratios of 50:1 (∼2% MNPs), 5:1
(∼20% MNPs), and 1:1 (50% MNPs), and the corresponding samples
were referred to PLA−NPs1, PLA−NPs2, and PLA−NPs3,
respectively, in the article. Pure PLA was also studied as a control.
PLA and MNPs were thoroughly mixed in solution using a vortex
mixer (Vortex-Genie 2T, Scientific Industries Inc.) until the solutions
appeared clear. For PTX loading in the four kinds of samples (pure
PLA plus three PLA−MNPs mixtures), the PTX solution was evenly
dispersed in the above-mentioned pure PLA solution and various
PLA−MNP mixture solutions.

Second, films of pure PLA and three PLA−MNP mixtures with
different MNP concentrations, as well as the mixtures loaded with
PTX were prepared by spin-coating (3000 rpm, 30 s) using a P-6000
spin-coater (Speedline Technologies). The concentration of MNPs
embedded in the film before and after the spin coating process was
determined by an Atomic Absorption Spectrometer (180−80 Hitachi,
Japan) to confirm MNP concentration. The results show that the
MNP concentration does not change after spin coating. And the high-
performance liquid chromatography (HPLC) was also used to
determine the amounts of PTX in the film before and after the spin
coating process, which indicated the same PTX concentration after
spin coating. Except for the SEM study, fused silica windows (ESCO
Products, Inc., U.S.A.) were utilized as substrates to prepare sample
films for all of the following measurements. For the SEM study, sample
films were deposited on the Si wafer surfaces using the above method.
Since Si wafer surfaces are actually silica, we believe that the silica
wafer and fused silica surfaces are similar and therefore the deposited
films are the same. In addition, to enhance the SFG signal detected
from the polymer/water interface, fused silica prisms were also utilized
as substrates for film deposition.28,32 Both SFG sample geometries
used in this study with fused silica window (referred to as window
geometry) and fused silica prism (referred to as prism geometry) are
displayed in Figure 2.

The spin-coated films were then placed in a vacuum chamber
overnight to remove the residual solvent. The thicknesses of all the
films were measured by a depth profilometer (Dektak6M Stylus
Surface Profilometer, Veeco) to be around 200 nm. The film
thicknesses were almost unchanged after hydrolysis for 1 h.

Next, for SEM, AFM, and CA measurements, the PLA and PLA−
MNPs hybrid films were dipped into milli-Q water (18.2 MΩ,
Millipore) and the measurements were taken before and after different
hydrolysis times, including 1, 39, and 60 h. For SFG experiments, the
in situ SFG spectra from the film/water interface as well as those from
film surfaces in air before and after water exposure were collected. D2O
was used for SFG experiments on film/water interfaces to avoid
spectral confusion.

2.3. Scanning Electron Microscopy. The surface morphologies
of the PLA and PLA−MNP hybrid films were studied by scanning
electron microscopy (SEM, JEOL JSM-840A, Japan) before and after
short-term (1 h) and long-term (39 and 60 h) hydrolysis. An
accelerating voltage of 1 kV was used at a working distance of 2.5 mm.

2.4. Atomic Force Microscopy. The phase image of tapping
mode atomic force microscopy (AFM, Agilent, PicoPlus, Japan) could
be a useful tool to reveal the MNP distribution and/or clusters

Figure 1.Molecular structures of PLA (a) and oleic acid (b) coated on
MNP surfaces are shown.
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embedded in the polymer film. The surface change images were
realized with AFM. A silicon cantilever was used for all measurements.
The spring constant of the cantilever of taping probe (NSC 14/AIBS,
Ultrashape, Estonia) was 1.8−12.5 N/m. Typically, the surface
morphology of 20 × 20 μm2 area near the center of each sample
was observed by using the tapping mode of the scanning probe.
2.5. Contact Angle. Static water contact angle (CA) measure-

ments were performed using a CAM 100 Optical Contact Meter (KSV
Instruments, Finland). Each water contact angle reported was
determined by averaging the measured angles on at least three
samples, each sample with five measurements on five different spots,
while the measured contact angle on each spot is calculated by
averaging the angles deduced from ten pictures taken from the water
drop on that spot. The mean value with the standard deviation of the
contact angle was reported.
2.6. SFG Experiment. The SFG setup used in this research is a

commercially available system from EKSPLA. The optical setup has
been reported in detail previously.27−29,33 The ssp (s-polarized signal
output, s-polarized visible input, and p-polarized IR input) polarization
combination was utilized for all SFG spectra. SFG spectra were
measured by using both window geometry and prism geometry
(Figure 2). Notice that for all the SFG spectra labeled as “before and
after hydrolysis”, all the spectra were collected from air/film interfaces,
while for all the spectra labeled as “during hydrolysis”, all the spectra
were collected from water/film interfaces.
2.7. In Vitro Drug Release Studies. The in vitro release of PTX

from the PTX loaded PLA−MNP hybrid films to the surrounding
media was evaluated to better understand the effect of the changes/
hydrolysis of the films on drug-release. Tween-20 (0.05%) in
phosphate buffered saline (PBS, pH = 7.4) was utilized as the release
media. The PTX loaded hybrid films were immersed in 2 mL of PBS/
Tween-20 and incubated in a circulating water bath (Thermo
Scientific, U.S.A.) at 37 °C. Tween-20 is a nonionic surfactant that
is commonly added to PBS to increase the solubility of PTX and

maintain sink conditions. After immersion for different times (0.5, 1,
1.5, 6, 39, and 60 h), the film samples were removed from the solution.
Then the PBS/Tween-20 solutions were analyzed quantitatively using
high-performance liquid chromatography (HPLC) to determine the
amounts of PTX released to the solutions. The cumulative release rate
of PTX from the film then was calculated based on the total loading
PTX concentration.

The HPLC (Waters e2695 system, U.S.A.) used in this study is
equipped with a Waters 2489 UVvis detector and a Nova-Pak C18
column (3.9 × 150 mm2; 4 μm particle size). Briefly, a mobile phase of
water and acetonitrile mixture (45:55, Volume/Volume) was used at a
flow rate of 1 mL/min. An injection volume of 10 μL was used for the
analysis. The column temperature was maintained at 25 °C. The UV
detector wavelength was set at 227 nm. Waters Millennium32 software
was used to analyze the collected HPLC data.

3. RESULTS AND DISCUSSION
3.1. SEM and AFM Results. SEM was performed to

monitor the surface morphology of PLA−MNP hybrid films
with various bulk MNP concentrations after immersion in
water for different times to understand the surface appearance
changes. Figure 3 shows SEM images exhibiting surface
morphology of PLA and PLA−MNP hybrid films before and
after short-term (1 h) and long-term (39 h, 60 h) immersion in
water for hydrolysis. Before water immersion, the surfaces of all
the spin-coated films were more or less smooth (Figure 3a−d),
indicating that the surfaces were morphologically homoge-
neous. However, after immersing the samples into water for 1
h, pores with various sizes and densities appeared on all the
surfaces (Figure 3a-1−d-1), suggesting that hydrolysis occurred
on all the film surfaces. The quantitative information on the
pore size and density on the surfaces of the four samples (PLA,

Figure 2. Two SFG geometries, window face-down geometry (a) and prism near total internal reflection geometry (b) were utilized in this study.

Figure 3. SEM images of pure PLA (a) and PLA−MNP hybrid films with various MNP bulk concentrations ((b) ∼2%, (c) ∼20% and (d) ∼50%)
before contact with water. Images labeled as a-1, b-1, c-1, and d-1 and those labeled as a-2, a-3, b-2, b-3, c-2, c-3, d-2, and d-3 are SEM images of
various films of a, b, c, and d after immersion in water for 1, 39, and 60 h, respectively, for hydrolysis.
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composite with 2% MNP or PLA−NPs1, composite with 20%
MNP or PLA−NPs2, composite with 50% MNP or PLA−
NPs3) after immersion in water for 1, 39, and 60 h for
hydrolysis is shown in SI Table S1.
The images detected after 1 h hydrolysis clearly show that

the PLA hydrolysis more likely occurred by forming pores on
the surface rather than layer-by-layer etching. With the increase
of the MNP concentration in the PLA films from zero (pure
PLA) to ∼2% to ∼20%, pores with bigger sizes (from 1.65 to
2.44 μm) and higher densities (from 0.12 to 0.39 pores per
μm2) were observed on the surfaces, indicating that the PLA
surface hydrolysis rate increased by increasing the MNP
concentrations in the PLA films (Figures 3b-1, 1c-1). However,
as the concentration of MNPs further increased to 50%, less
pores with relatively smaller sizes were observed on the surface
of PLA−NPs3 (Figure 3d-1), showing that the hydrolysis rate
decreased under the same condition. These results suggest that
the hydrolysis on the PLA surfaces can be significantly
influenced by the bulk concentration of MNPs. Similar trends
were observed in all of the films after hydrolysis for 39 h
(Figures 3a-2−d-2), but with higher pore densities on each
surface. After hydrolysis for 60 h (Figures 3a-3−d-3), although
the pore densities did not significantly increase, the pore size
indeed became larger (SI Table S1). Besides, when MNP
concentration reached 20% in the PLA film, some smaller pores
can be found in the big pores.
AFM is a common microscopic method to investigate the

surface morphology of polymers and polymer composites. 3D
representative images shown in Figure 4 have been created

from the topography images. The addition of MNPs in the film
increases the surface roughness. More MNPs in the film made
the surface rougher (Figure 4a−d). After 1 h hydrolysis, surface
morphologies are similar to those before hydrolysis samples just
the roughness increased, which is shown in SI Figure S1 of
AFM phase images of these four samples. After hydrolysis 60 h,
the pores were found and the trend is similar to the SEM
results in Figure 3. Even at the concentration of 20%, except
pore formation, the surface wettability also significantly
increased shown in Figure 4(c-2).
From both SEM and AFM results, we can see that the PLA

hydrolysis can occur on the film surfaces by forming pores and
MNPs embedded in the PLA network can strongly affect the
hydrolysis rate. In addition, the concentration of MNPs in bulk
was found to play an important role in hydrolysis. MNPs with
lower concentrations (2%- 20%) in PLA appear to act as
catalysts and are capable of accelerating the hydrolysis. As the
concentration of MNPs went up to 50%, the hydrolysis rate of
PLA could be increased, but not as much as that of the low
concentration MNP case early in the process. The hydrolysis
rate increased more later, as demonstrated by the results from
the sample after water immersion for 39 and 60 h.

3.2. Contact Angle Measurement Results. In order to
further elucidate the effects of MNPs on PLA hydrolysis and
clarify the molecular mechanisms, static CA tests were
conducted on the PLA and PLA−MNPs hybrid films before,
during, and after immersion in water for hydrolysis. CA
measurements, reporting the surface hydrophilicity and
wettability, were carried out on the PLA films to address the

Figure 4. AFM 3D representative images of pure PLA (a) and PLA−MNP hybrid films with various MNP bulk concentrations ((b) ∼2%, (c) ∼20%,
and (d) ∼50%) before contact with water. Images labeled as a-1, b-1, c-1, and d-1 and those labeled as a-2, b-2, c-2, and d-2, are AFM images of
various films of a, b, c, and d after immersion in water for 39 and 60 h, respectively, for hydrolysis.
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possible hydrolysis mechanisms of PLA−MNP hybrid systems.
The CAs of the original films before hydrolysis (Table 1) were
different for different MNP bulk concentrations, indicating that
the sample surface hydrophilicity is dependent on the
concentration of MNPs in the PLA bulk. In addition, the
surface CA changes are not monotonic, well correlated to the
hydrolysis behavior observed with SEM and AFM above. That
is, as the bulk MNP concentration increased from zero to ∼2%,
the measured CA reduced from ∼78.3 o to ∼77.3°. Then, as the
bulk MNP concentration continued to increase to ∼20%, the
CA further decreased to ∼70.8°. As the bulk NP concentration
increased further to 50%, the CA increased (instead of
decreasing) to ∼73.4°. The reason may be that when
hydrophobic MNPs were introduced into the film, because of
the hydropobic−hydrophobic interaction between PLA and
MNPs, the macro-structured surface had better wettability.
More detailed discussion will be done later by combining SFG
results. Here, with the time increase of hydrolysis, the CA
decreased gradually for each sample. Especially after hydrolysis
39 and 60 h, both SEM and AFM results indicated pyramids
and pores emerged on the film surface, which is beneficial for
creating hierarchically micro/nano-roughened surfaces. Such
hierarchically micro/nano-roughened surfaces have been
reported to lead to hydrophobicity.34 Therefore, the surface
wettability changes characterized by measured CA changes for
PLA−MNP composite films are likely related to their various
initial hydrolysis behaviors. Better surface wettability (with
lower water CAs) may induce better water contact/interaction
thus result in easier or faster hydrolysis reactions on the film
surface. This can explain the observed SEM and AFM results:
the hydrolysis increased from PLA to PLA−NPs1 to PLA−
NPs2, and then deceased from PLA−NPs2 to PLA−NPs3.
However, the comparison between PLA and PLA−NPs3 (the
50% MNP in PLA sample) shows an exception. As the bulk

MNP concentration increased from 0 to 50%, the measured CA
decreased from ∼78.3° to ∼73.4°.
The time-dependent CA data indicated that as the water

immersion time increased from zero to 39 to 60 h, the CA
reduced for all films except for the PLA−NPs3 film (with 50%
MNP, which CAs were almost not changed). These trends can
be seen more clearly in SI Figure S2.

3.3. SFG Results. In order to further elucidate the
hydrolysis mechanisms of PLA−MNP composites at the
molecular level, a surface-sensitive technique, SFG, was utilized
to investigate the molecular structural changes on the PLA and
PLA−MNP hybrid film surfaces. First, surface molecular
structures were probed by SFG to study the surface variations
of PLA and various PLA−MNPs hybrid films before water
immersion. We can see from Figure 5a that before water
immersion for hydrolysis, the SFG spectral features from
different sample surfaces are similar, only with slightly different
peak intensities. Two main peaks (near 2880 and 2945 cm−1)
in the spectra can be assigned to methyl symmetric stretching
and methyl Fermi resonance, respectively.27−29,33,35 In the case
of PLA−NPs2 and PLA−NPs3 films, additionally, a small peak
around 2850 cm−1, which could be generated from the
symmetric CH2 stretch, was detected by SFG as well. Because
PLA has no methylene group, this methylene signal can be
assigned to the CH2 chains in oleic acids coated on MNP
surfaces (Figure 1a,b). This was confirmed by a similar peak
observed in the SFG spectrum detected from the pure MNPs
coated on a SiO2 prism (Figure 5a). For MNPs, if MNPs have a
perfect centro-symmetric structure and oleic acid molecules
were coated homogeneously on MNP surfaces, then no SFG
signals should be observed (according to the SFG selection rule
that only a medium with no inversion symmetry can generate
SFG signal under the electric dipole approximation). However,
some SFG signals with broad features (completely different
from those detected from PLA−MNP composites) were

Table 1. CA Results of PLA and PLA−MNPs Hybrid Films before and after Hydrolysis for 39 and 60 h

samples before hydrolysis (deg.) after hydrolysis 39 h (deg.) after hydrolysis 60 h (deg.)

PLA 78.3 ± 2.4 76.8 ± 1.2 72.1 ± 1.4
PLA−NPs1 77.3 ± 2.5 75.4 ± 2.1 71.1 ± 2.1
PLA−NPs2 70.8 ± 1.7 68.5 ± 2.5 67.3 ± 2.3
PLA−NPs3 73.4 ± 1.6 72.5 ± 1.5 71.4 ± 2.4

Figure 5. SFG ssp spectra collected from the surfaces of pure PLA and PLA−MNP hybrid films before (a) and during the water immersion (b).
Prism geometry was used here. In (a), the spectra are offset for clarity.
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detected. Such SFG signals should be generated from
vibrational modes of CH2/CH3 groups due to inhomogeneous
coatings or noncentrosymmetric MNP shapes, as well as
nonresonant background induced by Fe3O4 MNPs (Figure
5a).36 These results demonstrate that even when the MNP bulk
ratio reached 50%, no obvious MNP SFG signals could be
observed (while only a minimal CH2 peak detected from the
composite samples containing 20% and 50% MNPs), indicating
that the surfaces of PLA hybrid films were mostly covered by
PLA molecules but not MNPs coated with oleic acids.
In the SFG spectra, despite of the similar peak intensity

ratios, as the MNP concentration increased from zero to ∼2%,
the peak intensities reduced. Similar lower peak intensities
could also be observed from the PLA−NPs2 spectra (∼20%
MNPs in Figure 5a). However, as the MNP concentration
increased further to 50%, the peak intensities became higher
again, similar to those of the pure PLA film (Figure 5a). Similar
SFG results were observed from the samples deposited on SiO2

windows, showing that the SFG data collected from both the
window and prism geometries are comparable and dominated
by contributions from sample surfaces instead of buried film/
substrate interfaces (Figure 5a and SI Figures S3a−d).37 This
observed nonmonotonic SFG signal intensity variation trend
for different samples (with different MNP concentrations) is
consistent with the SEM (variation trend for surface pore size
and density) and CA (variation trend for surface wettability)
results. The SFG peak intensity decrease as a function of MNP
concentration (increased from 0 to 20%) can be interpreted by
the fact that the surface can be more disordered and/or with
less CH3 groups. As the MNP concentration further increased
to 50%, a more ordered surface and/or the presence of more
CH3 groups on the surface was induced by larger amounts of
MNPs in the sample.
Subsequently, SFG measurements were also performed on

PLA and PLA−MNP hybrid films after water immersion for
hydrolysis for 1 and 39 h. Since similar SFG results were
obtained after water immersion for 60 h, only SFG results of 1
and 39 h water immersion were shown. Compared to the SFG
spectra before water immersion, no substantial surface structure
changes were detected by SFG after water immersion (SI
Figures S3a−d).

To further investigate the details about various hydrolysis
processes of PLA−MNP hybrid films and the effects of the bulk
MNP concentration on the hydrolysis, in situ SFG measure-
ments were carried out on the surfaces of pure and hybrid PLA
films in contact with water (Figure 5b). Surprisingly, for all
samples, the SFG intensities increased dramatically despite the
similar spectral features as the surfaces contacted D2O. Figure
5b also shows that the intensities of SFG spectra varied
significantly although they all dramatically increased during the
water contact. For pure PLA, the SFG intensity from the
surface in water was 22 times higher than that detected in air.
For the PLA film with ∼2% MNPs, the SFG intensity from the
surface in water was 15 times larger than that detected in air.
Interestingly, as the MNP ratio in the PLA film bulk increased
to ∼20%, the SFG intensity from the surface in water was only
three times higher compared to that detected in air. As the NP
concentration increased to 50%, SFG intensity detected from
the surface in water increased dramatically again and was 27
times larger than that in air. The above observed SFG signal
changes can be explained by the following possible reasons: (1)
more ordered PLA and PLA−MNP composite surfaces (or
bulk if the signal contains bulk contribution), (2) an increase in
number of molecules detected, and/or (3) a change in the
Fresnel coefficients due to a change in index of refraction from
air to water. If the Fresnel coefficient is the only reason, then
the signal intensity should only increase several times, not more
than 20 times as observed. Besides, it is unlikely that the
molecular amounts of PLA−MNPs would increase that much
after in contact with water. Therefore, the observed signal
increase seen in Figure 4b must mainly be due to the first factor
outlined above, that is, the formation of highly order structures
on the surface.
Therefore, we believe that the SFG results shown in Figure

5b suggest that PLA molecules still covered the film surfaces
during the hydrolysis process and highly ordered structures of
PLA were formed on the film surfaces while in contact with
water. Since PLA can form crystalline structures easily, the SFG
signal increase can be explained by the formation of PLA
crystalline-like structures on the surfaces in the presence of
water molecules. Although relatively high temperatures, such as
80 °C,9,38 are normally required to generate crystalline PLA
films, the existence of water molecules in the systems may

Figure 6. Schematics showing PLA surface structural changes while contacting water for pure PLA (a), and PLA−MNP composites with ∼2% (b),
∼20% (c) to 50% (d) MNPs in the film bulk. The sizes of PLA and NPs were not drawn to scale.
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lower the crystallization activation energy and thus cause the
formation of crystalline-like structures on the film surfaces.
However, after removing the samples from water, the SFG

intensities detected from various sample surfaces in air
recovered (SI Figure S3). This suggests that pure and
composite PLA films are not “fully” crystallized in water,
otherwise the crystallized systems would be very stable and
would not be able to return to the original amorphous states so
quickly. Therefore, we believe that the highly ordered structures
or crystalline-like structures in PLA and PLA−MNP hybrid
films should only occur on or near the surface but not
throughout the entire film.
According to the previous study,39 SFG signals contributed

by the crystalline domains could be much stronger than that by
the amorphous portion of the films. Therefore, the SFG
intensities observed could be correlated to the surface
crystallinity of PLA films. The stronger the SFG intensities
were, the higher surface crystallinity of PLA films could be. It is
interesting to see that the trend of SFG signal intensity
variation for different samples with different MNP bulk
concentrations is quite consistent with the SEM and CA
results, which can be explained by the surface crystallization
hypothesis we proposed above. Previous studies demonstrated
that PLA crystalline structures were more resistant against
water hydrolysis compared to amorphous structures.40,41

Therefore, the molecular mechanisms of various hydrolysis
behaviors on pure and hybrid PLA films can be illustrated
schematically in Figure 6. For pure PLA, the film surface is
dominated by CH3 groups and the surface CA is ∼78.3°, thus
the surface is fairly hydrophobic and has relatively poor water
wettibility. When in contact with water, the surface water
interactions might lower the local crystallization energy barrier
of PLA and thus facilitate the formation of crystalline-like
highly ordered structures on the film surface (Figure 6a), which
would further decrease the hydrolysis rate of PLA. Therefore,
due to the surface hydrophobicity and crystallinity, the intrinsic
hydrolysis rate of pure PLA film should be quite slow. As the
MNP ratio in bulk increased to ∼2% (Figure 6b), the
hydrophobic−hydrophobic interaction between PLA and oleic
acids (on MNP surfaces) might induce a small part of methyl
groups from PLA to change surface orientation to lie down
parallel to the film surface. That is, less methyl groups would be
ordered vertically on the film surface compared to pure PLA,

which decreased the surface CA from ∼78.3° to ∼77.3° and
thus slightly increased the water wettibility on the film surface.
This can be confirmed by the lower peak intensities in SFG
spectra compared to pure PLA (SI Figure S3a,b). Besides, the
dispersion of more MNPs in PLA network may disturb the PLA
chain ordering, thus reduce the crystallinity of PLA on the
surface, leading to relatively weaker peaks in the PLA−NPs1
SFG spectrum observed in water (Figure 5b). Although the
formation of crystalline-like structures inhibited the hydrolysis
of PLA to some degree, compared to pure PLA, the increased
surface wettibility and lower crystallinity level of PLA on the
surface of PLA−NPs1 film worked together to make the PLA
hydrolysis faster than that of pure PLA.
Similar explanations could be used to elucidate the observed

hydrolysis of PLA−NPs2 film. Adding ∼20% MNPs to the PLA
film bulk leads to more MNPs dispersed into the PLA network,
more hydrophobic/hydrophobic interactions between PLA and
oleic acids and even less ordered methyl groups (PLA) on the
film surface. Hence, the measured surface water CA decreased
to ∼70.8°, indicating the further improved water wettability and
leading to the enhanced hydrolysis of PLA (Figure 3c, c-1 and
c-2; Figure 4c, c-1 and c-2). Nevertheless, the dramatic
difference in the peak intensities observed in the in situ SFG
spectra of pure PLA and PLA−NPs2 films (Figure 5b) also
implies that the incremental dispersion of MNPs in the PLA
system highly increased the disordering of the whole system
and thus lowered the crystallinity of PLA on the surface during
the water contact (Figure 6c). This in turn facilitated the
water−sample interactions and led to enhanced hydrolysis of
PLA as the MNPs concentration increased to ∼20%.
However, in the case of PLA−NPs3, the trend of PLA

hydrolysis variation was opposite to that of PLA−NPs1 and
PLA−NPs2 films: Slower hydrolysis was observed by SEM
(Figure 3d, d-1, d-2 and d-3) and AFM (Figure 4d, d-1 and d-
2). Surface CA and in situ SFG results can also be well
correlated to the SEM observation. For CA, the surface CA
increased to 73.4° rather than further decrease compared to
that of PLA−NPs2. Because of the high MNP concentration
(∼50%), the aggregation of MNPs may happen (Figure 6d).
The MNP aggregation led to the formation of MNP clusters, in
addition to the well dispersed MNPs. The concentration of
dispersed MNPs may be higher than ∼2% but lower than
∼20%. Likely the dispersed MNPs present in the surface region

Figure 7. PTX release rate as a function of release time for PLA and PLA−MNP hybrid films.
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affect surface wettability. This interpretation could be
supported by CA results. For SFG data, different from the
cases of PLA−NPs1 and PLA−NPs2 where the hydrophobic
and hydrophobic interactions between PLA and oleic acid
(NPs) resulted in less methyl groups ordered on the surface,
here for PLA−NPs3, MNP clusters on or near the surface may
have induced more ordered PLA domains and thus higher peak
intensities were observed in the SFG spectrum of PLA−NPs3
before hydrolysis (Figure 5a). After contacting with water, the
PLA domains between MNPs clusters may have higher
crystallinity compared to other three films, so the hydrolysis
was hindered.
Two possible factors may determine the hydrolysis behavior

on the PLA sample surfaces. One is the hydrophobic/
hydrophobic interaction between PLA and oleic acid molecules
on MNPs, which changes the surface CA and water wettibility,
and thus affects the interaction between water and polymer
films. The other is the formation of crystalline-like PLA
domains on the surface in the presence of water molecules.
Such a highly ordered structure was found to be more resistant
to water and thus inhibited PLA hydrolysis.36,37 These two
mechanisms were found to work synergistically to mediate the
hydrolysis processes of PLA as the MNP concentration was
varied.
3.4. PTX Controlled Release. To further understand the

hydrolysis behaviors of PLA and PLA−NP hybrid films, a
hydrophobic antitumor drug PTX was loaded into four kinds of
PLA samples to examine the corresponding drug release rate.
Figure 7 shows the cumulative release rate of loaded PTX
released from four PLA and PLA−MNP hybrid samples. The
time-dependent drug release rates for all the samples have
similar features: The initial release rate of PTX was high during
the first few hours, followed by a slower release in the next few
days. Note that the time-dependent release rates in the first 3 h
were enlarged in the inset of Figure 7. The results demonstrate
that PTX PLA films with different MNP concentrations show
different PTX release rate features. On the whole, the PTX PLA
films with MNPs have higher PTX release rate than pure PLA
film; especially when MNP concentration was 20%, the PTX
release rate can be enhanced significantly. In order to further
understand the release mechanism, Table 2 lists the release
rates for these four types of samples after 0.5, 1, 39, and 60 h
hydrolysis. The release rate of PTX from pure PLA was low;
after 0.5 h, only 0.06% drug was released. Even after 60 h, only
30.73% PTX was released. This is consistent with our
discussion above that the intrinsic hydrolysis rate of PLA is
slow. After adding ∼2% MNPs into PLA, the drug release rate
was largely increased to ∼90 times greater in the first 0.5 h,
which is reasonable because the better surface wettibility
induced by MNPs allowed more rapid diffusion of the aqueous
release medium into the film, which led to more effective
dissolution and extraction from the surface and subsurface of
the polymer than pure PLA at the beginning. However, after

hydrolysis happened, the formation of crystalline-like structures
on/near the surface caused the hydrolysis process to become
slow. Hence after 1 h, the drug release rate was quite similar to
that of pure PLA, only increased by ∼50%. As the release time
increased to 39 and 60 h, the rate differences between the pure
PLA and PLA−NPs1 samples became smaller. The release rates
from PLA−NPs1 were only 19% and 10% greater than that of
pure PLA. In the case of PLA−NPs2, the trend of the time-
dependent drug release rate increase is very similar to the
PLA−NPs1 case. As expected, the PTX release rate was
greatest for PLA−NPs2 (the ∼20% MNP sample). After 0.5 h,
13.21% PTX was released from PLA−NPs2, which is ∼220
times greater than that of pure PLA. While, after1 h, the release
rate of PTX was 21.93%, which is reduced to 3.61 times of pure
PLA. After 60 h, about 60% of the PTX was released from the
PLA−NPs2 sample, and the release rate of PTX was 2 times
that of PLA. For PLA−NPs3 sample, until after 1 h, there is
only 7.80% PTX released from the composite film. These drug
release results are very consistent with SEM, AFM, CA, and
SFG data, and can be explained by the two possible factors
which we discussed above.
When 50% MNPs were mixed with PLA, in the first 30 min,

the release rate of PTX from the PLA−NPs3 sample was at a
similar level as that of the PLA−NPs1 sample, but much lower
than that of PLA−NPs2 and ∼88 times greater than that of
pure PLA. Nevertheless, the release rate was 32.66% after 39 h,
which is higher than that of PLA and PLA−NPs1, but still
lower than that of PLA−NPs2. The early stage of PTX release
from PLA−NPs3 can be explained by our previous discussion.
However, as time increased, some MNP clusters were removed
from the sample, thus the new surface would have some new
pores formed by MNPs which would improve the liquid-uptake
and the drug release. The overall drug release process of PLA−
NPs3 is faster than that of PLA−NPs1 after 60 h. The PTX
release results indicate that excellent drug controlled release
function can be achieved when MNP concentration is about
20% in the PLA−MNP composite film. That is, at the
beginning, when the delivery system reaches the targeted tissue,
the drug can be released as quickly as possible to reach the
effective level for therapy. Then, for a prolonged period of time,
the drug concentration can be maintained at an effective level,
and the drug can be released in a controllable way. This is the
ideal drug release mode for most drug delivery scenarios.

4. CONCLUSIONS
In summary, we demonstrated that through engineering PLA
with various amounts of MNPs, it is feasible to control the
embedded drug release rate. There were not only differences in
physical surface appearance among the various PLA−MNP
samples for different MNP concentrations, but also differences
in drug release behavior. The different drug release behaviors
are caused by the different PLA hydrolysis rates, which are
induced by the differed surface wettability and surface

Table 2. PTX Release Rates at Different Times and the Ratios between Those of PLA−MNP Composites and Those of Pure
PLA Films

samples

0.5 h (%) times 1 h (%) times 39 h (%) times 60 h (%) timesPTX release

PLA 0.06 N/A 6.07 N/A 19.93 N/A 30.73 N/A
PLA−NPs1 5.48 91.33 8.63 1.42 23.72 1.19 33.82 1.10
PLA−NPs2 13.21 220.17 21.93 3.61 53.96 2.71 59.22 1.93
PLA−NPs3 5.32 88.67 7.80 1.29 32.66 1.64 40.89 1.33
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crystallization due to different interactions between PLA and
MNPs in various samples. When the MNP concentration in the
PLA film is around 20%, the drug release rate could be
increased up to 220 times in the first half hour during water
exposure, which is beneficial for improving the controlled drug
release characteristics in real application. When the PLA−NP
composite contained above 50% MNPs, some MNPs
aggregated in the sample, resulting in more surface crystalline
and lower hydrolysis. More importantly, since the MNPs used
in this study were proven to be effective ultrasound and
magnetic resonance dual contrast agents, the PLA−MNP
composite drug-delivery system engineered here should have
promising multiple-functional applications in the future. Also,
the methodology developed in this research to study the
hydrolysis of the PLA and MNP system at the molecular level is
general and can be extended to investigate other polymer and
NP systems for drug delivery and beyond.
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