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ABSTRACT: Chitosan-based nanoparticles (NPs) are widely used in drug and gene delivery, therapy, and medical imaging, but
a molecular-level understanding of the internal morphology and nanostructure size, interface, and dynamics, which is critical for
building fundamental knowledge for the precise design and efficient biological application of the NPs, remains a great challenge.
Therefore, the availability of a multiscale (0.1—100 nm) and nondestructive analytical technique for examining such NPs is of
great importance for nanotechnology. Herein, we present a new multiscale solid-state NMR approach to achieve this goal for the
investigation of chitosan—poly(N-3-acrylamidophenylboronic acid) NPs. First, a recently developed '*C multiple cross-
polarization magic-angle spinning (MAS) method enabled fast quantitative determination of the NPs’ composition and detection
of conformational changes in chitosan. Then, using an improved 'H spin-diffusion method with *C detection and theoretical
simulations, the internal morphology and nanostructure size were quantitatively determined. The interfacial coordinated
interaction between chitosan and phenylboronic acid was revealed by one-dimensional MAS and two-dimensional (2D) triple-
quantum MAS "B NMR. Finally, dynamic-editing *C MAS and 2D "*C—'H wide-line separation experiments provided details
regarding the componential dynamics of the NPs in the solid and swollen states. On the basis of these NMR results, a model of

the unique nanostructure, interfacial interaction, and componential dynamics of the NPs was proposed.
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1. INTRODUCTION

Nanoparticles (NPs) based on biopolymers, such as the
cationic polysaccharide chitosan, have attracted increasing
interest in drug and gene delivery,1_3 biosensors,* therapies,5
and molecular imaging® because of their excellent biocompat-
ibility and biodegradability. In particular, hybrid biopolymer-
based NPs with two or more components exhibit superior
performance and enjoy widespread application.” ™"
example, boronic acid-containing polymers can react with the
diol groups of saccharides to form the cyclic boronate ester that
is widely used in preparing boron-rich, biopolymer-based NPs.®
Recently, novel boronic acid-rich chitosan nanoparticles were
successfully prepared and used for doxorubicin delivery;”'° the
incorporation of boronic acid into chitosan NPs provides the
NPs with good cellular uptake properties and improved
stability.” Hybrid biopolymer-based NPs usually exhibit
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complex internal morphology, interfacial interaction, and
componential dynamics, which can sensitively alter the
macroscopic properties of the NPs over a wide range.
Therefore, an understanding of the nanostructure and dynamics
of these NPs is crucial for their biological application.'® For
example, it was previously observed that the proportion of
chitosan in NPs has a significant effect on controlling the pH
response and the target drug delivery performance of NPs.”
Functional groups® and surface charge'® have also been
observed to affect the cellular uptake and intracellular
trafficking of chitosan-based NPs. The drug loading and drug
encapsulation efficiency of NPs have been attributed to the
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hydrophobic core and hydrophilic shell of the nanoparticles."®
The coordination type and content of phenylboronic acid units,
in addition to the coordinated interaction between different
components, are also crucial for the recognition ability and
target drug delivery of phenylboronic acid-containing NPs.” In
addition, the segmental dynamics of NPs are also quite
important for controlhng the diffusion efficiency of drugs
enclosed in such NPs."

Despite numerous advances,'”~*® multiscale characterization
of the nanostructure of hybrid biopolymer-based NPs on the
scale of 0.1—100 nm remains a great challenge. First, although
the quantification of composition of hybrid NPs is critical, there
is still no convenient quantitative method based on traditional
liquid or solid-state NMR that can be used to this end because
the NPs are usually insoluble. Second, the internal morphology
of NPs is usually observed by transmission electron microscopy
(TEM), but this method is limited by the staining quality of
different phases. In addition, scattering methods are only
sufficiently sensitive for samples with a periodic structure and
depend on the electronic density contrast of different phases.
The above-mentioned shortcomings largely limit the precise
design and preparation, in addition to the efficient biological
application, of such NPs.

Solid-state NMR (SSNMR) spectroscopy is a nondestructive
and powerful technique for studying the multiscale structure,
interfacial interaction, and dynamics of multiphase polymers at
lengths ranging from the atomic level to approximately 100
nm.”*">* The 'H double-quantum and dipolar filter with spin-
diffusion technique was successfully applied to characterize the
morphologies and interfaces of bulk and core—shell polgmers,
with a remarkable dynamic contrast of the two domains.
novel solid-state NMR approach based on 'H spin diffusion
with X-nucleus (*C, 3'P, "N detection was also proposed for
investigation of the nanostructure of membrane proteins.”’
Recently, a new method was reported to yield quantitative *C
CPMAS NMR spectra of organic solid materials with good a
signal-to-noise ratio.”® For materials containing quadrupolar
nuclei, such as "B, 1D MAS has been used to identify the
coordination of phenyl-boronic acid in NPs.® Simultaneously,
the advanced ''B 3QMAS technique®”*° is capable of providing
high-resolution spectra to reveal complex boronic sites and
interfacial interactions in polymer blends containing phenyl-
boronic acid. Moreover, 2D 'H—'H nuclear overhauser
enhancement spectroscopy (NOESY) has been used to probe
the intermolecular interactions of some NPs>' as well as the
interaction between dendrimer-based nanocarriers and a
biomembrane for targeted drug delivery and gene therapy.**
Owing to the development of advanced SSNMR methods, one
can probe the complex internal nanostructure and heteroge-
neous dynamics of the NPs.

In this work, we present a new multiscale solid-state NMR
approach for probing the internal morphology and nanostruc-
ture size, interfacial interaction, and dynamics of chitosan—
poly(N-3-acrylamidophenylboronic acid) (CS-PAPBA) NPs. A
recently developed *C multiple-CP/MAS method was first
used to quantitatively determine the composition of the NPs
and detect conformational changes in chitosan. Then, using an
improved 'H spin-diffusion technique with *C detection and
theoretical simulations, the internal morphology and nano-
structure size were quantitatively determined. The interfacial
coordinated interaction between CS and phenylboronic acid of
PAPBA was revealed by 1D MAS and two-dimensional triple-
quantum MAS (2D 3QMAS) ''B experiments. Furthermore,
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dynamic-editing *C MAS and 2D *C—"H wide-line separation
(WISE) experiments were utilized to determine the detailed
componential dynamics of the NPs in the solid and swollen
states. Finally, on the basis of these NMR results, a model for
the unique nanostructure, interfacial interaction, and compo-
nential dynamics of the NPs was proposed. To the best of our
knowledge, this is the first report to reveal the internal
nanostructure and dynamics of chitosan-based nanoparticles.

2. MATERIALS AND METHODS

2.1. Materials. Chitosan with an average molecular weight (M,) of
5000 was purchased from Yuhuan Biomedical Company. The degree
of deacetylation of chitosan was determined to be 83% using
quantitative *C CPMAS NMR. 3-Acrylamidophenylboronic acid
(APBA) was purchased from Frontier Scientific (FSI). K,S,04 was
purchased from J&K Chemical. All analytical reagents were used as
received.

2.2. Preparation of Chitosan—Poly(N-3-acrylamidophenyl-
boronic acid) Nanoparticles. N-3-Acrylamidophenylboronic acid
(APBA) was initially synthesized as in Zhang’s previous work.>® CS-
PAPBA NPs were prepared through the radical polymerxzatlon of
APBA in the presence of chitosan in aqueous medium.” The feed
molar ratio of glucosamine units to APBA in the NPs was 1:1. First,
120 mg of APBA was dissolved in 10 mL of distilled water. Then, 100
mg of chitosan was added to the system after the solution became clear
at 70 °C. When the chitosan dissolved completely, the system was
cooled to room temperature, and the desired amount of K,S,04 as an
initiator was added to the solution. After the system was adjusted to
pH 5.0 with a sodium hydroxide solution and degasified, polymer-
ization was initiated at 90 °C under a N, atmosphere for 2 h. The
resultant solution was dialyzed against 1 L of distilled water for 24 h
using a dialysis bag (MWCO 100 kDa). The dialyzed solution was
then lyophilized at —50 °C. In addition, we obtained a hybrid sample
of chitosan and APBA under the same conditions without polymer-
ization; the sample was denoted NPs0.

2.3. SEM and XRD Experiments. SEM imaging was performed
using a Shimadzu SS-550 SEM, with the samples dispersed in ethanol,
drop-cast onto glass slips, and dried. X-ray diffraction (XRD)
experiments were performed in reflection mode on a Rigaku D/
max-2500 X-ray powder diffractometer with Cu KR (4 = 0.154 nm)
radiation at a generator voltage of 40 kV and a current of 100 mA.

2.4. Solid-State NMR Experiments. NMR experiments were
performed on a Varian Infinityplus-400 wide-bore (89 mm) NMR
spectrometer at room temperature (25 °C) and at frequencies of
399.72, 100.52, and 128.24 MHz for 'H, *C, and B, respectively. For
the 'H and “C experiments, a CP/MAS T3 probe with a rotor
diameter of 4 mm was used, and samples with a volume of 52 uL were
placed in a zirconia PENCIL rotor. The MAS was automatically
controlled with a speed controller for all 1D and 2D experlments To
obtain well-resolved *C NMR spectra, hlgh power 'H-decoupling
conditions via the SPINAL-64 technique®* in a decoupling field of
apprommately 70 kHz and TOSS (total suppression of spinning
sidebands)*® were adopted during '*C signal acquisition. The 'H and
BC chemical shifts were referenced to external TMS (0 ppm) and
HMB (hexamethylbenzene, 17.3 ppm of CH,), respectlvely The pulse
sequences and detailed descriptions of the quantltatlve 3C multiple-
Cp® BC CPMAS and DPMAS experiments,®**” in addition to the
2D *C—'H WISE? experiments, can be found in the literature. For all
"B experiments, a CP/MAS T3 probe with a rotor diameter of 2.5
mm was used, and samples with a volume of 11 uL were placed in a
zirconia PENCIL rotor. The MAS was automatically controlled at 25
kHz, which sufficed to remove the spinning sidebands from the central
portion of the spectrum. For the "B MAS NMR experiment, a single
RF pulse (~0.2 ys) corresponding to a ~20° flip angle was applied to
obtain accurate !'B intensities in various structural environments. The
B 2D multiple quantum (MQ) MAS spectrum (for I = 3/,) was
obtained with a z-filtered split-t1 sequence,” in which fast amplitude
modulated pulses were applied in the second pulse to achieve
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Figure 1. (a) Schematic diagram of the synthesis pathway of the CS-PAPBA NPs. (b) SEM micrograph of the NPs. The scale bar is S00 nm.

sensitivity enhancement.*® The radio frequency power used was
sufficient to produce a selective ”/, pulse in 0.9 us for the spin-*/,
nuclei. The 6-phase cycling scheme used to simultaneously select 3Q_
coherence pathways was combined with classical CYCLOPS to
eliminate receiver artifacts and with a States et al. scheme to produce
pure-phase 2D spectra.®® The 2D spectra are presented in the figures
without shearing transformation. The ''B chemical shift was
referenced to that of a saturated boric acid aqueous solution at 19.5
ppm. The quadrupolar parameters and isotropic chemical shift were
obtained directly from the 1D MAS spectra by using the simulation
program DMFIT. 0

2.5. Simulation of "H Spin Diffusion. The simulation of the 'H
spin-diffusion process from the source to the sink phase in a two-phase
system was adapted from the work of Bliimich et al.*' The diffusion
coefficient of the rigid phase, A, can be calculated from the following
equation, which is valid for a Gaussian line shape*

1 71' 2 A
D, = — r ) Ay,
AT 21n2< > 1z (1)

where Avf), is the line width of proton wide-line signals obtained by
the results of 2D WISE experiments for rigid phase A. () is the mean-

square distance between the nearest spins (typically on the order of
0.04—0.06 nm?). The simulation program was written in the FORTAN
language in our lab.

3. RESULTS AND DISCUSSION

3.1. Determination of Composition and Conforma-
tional Changes by Quantitative '3C CPMAS Experi-
ments. The synthesis pathway of CS-PAPBA NPs is
summarized in Figure 1a.” The coordination and conformation
of boron vary as the structural environment changes. APBA
monomer is known to form a cyclic ester with saccharides such
as chitosan in a specific pH environment. The boron site in
hydrophobic APBA (Figure 1a-A) changes from the nonionic
trigonal boronic form (B[3]) to the anionic tetrahedral
boronate form (B[4]) (Figure 1a-B) by the coordination
between APBA and OH™. Structure B in Figure 1la is favorable
for combination with chitosan to form a stable and hydrophilic
cyclic ester (Figure la-C). Then, APBA monomers are
polymerized into PAPBA chains after being initiated by
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K,S,05 (Figure la-D). Finally, the hydrophobic PAPBA and
hydrophilic CS chains self-assemble into CS-PAPBA NPs. The
morphology and particle size of the NPs was determined by
SEM, as shown in Figure 1b. All of the formed NPs exhibited a
spherical shape with a narrowly distributed diameter of
approximately 80 nm. Because chitosan is hydrophilic, whereas
PAPBA is hydrophobic, a particle with a PAPBA core and
chitosan shell structure is generally expected. However, the
commonly used TEM cannot provide any information
regarding the inner nanostructure of the particles as reported
on the same NPs,’ which will be elucidated by multiscale
SSNMR in the following section.

Quantification of composition is critical for the character-
ization of the NPs examined in this study. The obtained NPs
formed a suspension in water; however, the molar ratio of the
glucosamine unit to the APBA unit in the NPs cannot be
determined by traditional solution '"H NMR because the NPs
are insoluble in commonly used deuterated solvents or their
mixtures thereof, such as DMSO/D,0. High-resolution "*C
CPMAS is a powerful method for investigating the micro-
structure and intermolecular interactions of organic solids
because of its sensitivity to local chemical environments.
However, the technique is still not a quantitative method
because of the variation in CP efliciency among different
carbons. Recently, a novel quantitative *C CPMAS NMR
technique using multiple CP was developed for probing organic
materials, providing a new method for the quantitative
determination of the composition of NPs.>” Figure 2a shows
the quantitative '>*C CPMAS NMR spectra of NPs and pristine
chitosan. On the basis of the integration of different peaks, the
molar ratio of the glucosamine unit to the APBA unit in the
NPs was easily determined to be 0.6:1, whereas the feed molar
ratio was 1:1, which indicates that a small amount of CS is lost
during the synthesis process. Determination of the NPs
composition is important for the particles’ applications. It has
been observed that the proportion of chitosan in such NPs has
a significant effect on controlling the pH response and the
target drug delivery performance of the NPs.”

In addition to quantification of the composition, quantitative
BC CPMAS also provides critical information regarding
microstructure and changes thereof. Figure 2a illustrates the
remarkable change in the '*C CPMAS spectrum of chitosan in
the NPs relative to the spectrum of pure chitosan. It is
noteworthy that two C1 peaks at approximately 102 and 98
ppm can be observed in the NPs spectrum, whereas the
spectrum of pure chitosan shows only a narrow C1 peak at
approximately 98 ppm. In contrast, the overlapped CS5 and C3
peaks in the NPs spectrum split into two peaks in the pure
chitosan spectrum. These results indicate that a remarkable
conformational change in chitosan should occur after the
formation of NPs. To verify this conclusion, X-ray diffraction
(XRD) experiments were performed to measure the crystal-
linity of the NPs, unreacted NPs (NPs0), and CS, the results of
which are shown in Figure 2b. The figure shows that the sharp
peaks of crystalline chitosan at 6° to 12° completely disappear
in the NPsO and NPs spectra. This result indicates that the
incorporation of APBA significantly decreases the crystalline
structure of chitosan. The sharp peaks ranging from 25° to 46°
in the NPsO spectrum are assigned to the crystalline APBA
monomer. The conformational change of chitosan in the NPs,
as indicated by XRD, is in good agreement with the findings of
the *C CPMAS experiments regarding the conformational
change of chitosan in the NPs. Crystallization is known to be an
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Figure 2. (a) Quantitative >C CPMAS spectra of NPs and pristine
chitosan. (b) XRD patterns of the chitosan, NPs, and NPs0.

important factor for the bioavailability of pharmaceuticals;
indeed, high crystallization leads to poor bioavailability.” Figure
2a shows that incorporation of PAPBA increases the disorder of
chitosan, indicating that boronic acid-rich chitosan NPs should
exhibit better availability for drug delivery.

3.2. Determination of the Internal Morphology and
Domain Sizes of the NPs by 'H Spin-Diffusion Experi-
ments with '3C Detection. Determination of the inner
morphology and domain sizes of CS-PAPBA NPs remains a
great challenge because traditional methods such as SEM and
TEM cannot provide such information. In contrast, 'H spin-
diffusion experiments provide a powerful method for
determining not only the morphology but also the domain
sizes of nanostructured polymers at length scales ranging from
the size of one monomer unit to 150 nm.'”*" For multiphase
polymers with distinct componential dynamics, 'H dipolar filter
or double-quantum filter with 'H spin-diffusion has been widely
used to determine domain sizes.*> In contrast, for a multiphase
polymer with two rigid components, the 'H chemical shift filter
(CSF) is an effective method for creating a gradient of
magnetization, which depends on the resolution of the 'H
CRAMPS (combined rotation and multiple-pulse spectrosco-
py) spectrum.**** Recent progress demonstrates that the
morphology and domain sizes of heterogeneous polymers can
also be determined by the theoretical simulation of spin-
diffusion curves, even though the filter efficiency afforded by
the above two types of techniques is not ideal.**
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Figure 3. (a) Schematic diagram for determining different types of inner morphologies and domain sizes of polymer-based NPs from the simulation
of 'H spin-diffusion buildup curves. Dy, is the diameter of the NPs. 1D, 2D, and 3D curves correspond to phase separated NPs (type 2). (b, c) 'H
CSF with spin-diffusion pulse sequences with (b) "H CRAMPS or (c) *C CPMAS detection. t, and t,, are the time required for the transverse
relaxation of undesired 'H magnetization and the mixing time, respectively. The phase cycling for the two 90 ° pulses before t,, is used to reduce the

T,y effect.*

Despite numerous advances, to the best of our knowledge,
few NMR studies have reported the internal morphology and
sizes of hybrid polymer-based NPs, especially those in which all
components are rigid. Herein, we present a new solid-state
NMR approach for determining the nanostructure of polymer-
based NPs: The internal morphology and sizes of the NPs are
determined from the theoretical simulation of 'H spin-diffusion
buildup curves,** as shown in Figure 3a, which are measured by
'"H spin-diffusion experiments with 'H or *C detection
depending on their resolution. If the determined domain size
of the dispersed phase A, dj, is smaller than 1 nm, then a
homogeneous mixture should form inside the NPs (type 1 in
Figure 3a). If d, is close to the radius (Dyp,/2) of the NPs, then

21401

a core—shell structure should form (type 3 in Figure 3a). In
other cases (type 2 in Figure 3a), a phase-separated
nanostructure with 1D (lamellar), 2D (tubular), or 3D
(spherical) morphologies should form.

Because both chitosan and PAPBA are rigid in the NPs (see
2D WISE experiment below), we utilized the "H CSF method
to measure the spin-diffusion curves of groups in one phase. To
obtain a high-resolution 'H CSF spectrum and good
experimental performance, we propose an improved 'H CSF
pulse sequence with 'H or "*C detection, as shown in Figure
3b,c, which is based on the high-efficiency homonuclear
decoupling using continue-phase-modulation (DUMBO) tech-
nique developed by Emsley et al.***” The 'H CSF sequence is
used to select the 'H magnetization of chemical groups in one

dx.doi.org/10.1021/am5064052 | ACS Appl. Mater. Interfaces 2014, 6, 21397—-21407
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Figure 4. (a) "H CRAMPS spectra of NPs, PAPBA, and CS. (b) Chemical shift filter spectra of the NPs at different 'H spin-diffusion times ¢, of 0,
0.5, 1,4, 9,25, 100, and 200 ms. (c) Stacked 'H spin-diffusion spectra with '*C CPMAS detection at different mixing times t,,. (d) Time dependence
of the *C-detected 'H chemical shift-filtered spin-diffusion signal intensities of the chitosan C5 peak in the NPs; Tyy; correction of all data was
adopted. All error bars are estimated as 75% of the peak-to-peak noise in the spectra. The lines are simulated spin-diffusion curves with different two-
phase morphologies from 1D to 3D, and the solid line gives the best fit. Two-phase and 2D spin-diffusion models are also illustrated in the figure.

domain, which then spin-diffuses to another domain over
period t,, (mixing time). Compared with 'H detection, "*C
detection usually provides better signal resolution for complex
NPs; therefore, the 'H magnetization is then transferred via CP
to *C. To determine the domain sizes and morphology from
the simulation, the spin-diffusion coeflicient of the CS and
PAPBA phases should be determined.

The average line widths of CS and PAPBA determined from
slices of the WISE experiment on the NPs are 40 and 39 kHz,
respectively; thus, the calculated diffusion coefficients of CS
and PAPBA from eq 1 are 0.3 nm”/ms. The proton densities of
the two components used in the simulation are set to 0.1 g/cm?
(a typical value for polymers), with little effect on the spin-
diffusion results.*®

Figure 4a shows the DUMBO-based high-resolution 'H
CRAMPS spectra*® of chitosan PAPBA and the NPs. It is noted
that the strong peak at 4 ppm for pristine chitosan shifts to 3.3
ppm for the NPs, indicating a change in the conformation of
chitosan, which is in good agreement with the results from the
3C CPMAS experiments shown in Figure 2a. Figure 4b shows
the 'H CSF spectra as a function of spin-diffusion mixing time
(t,) from 0 to 200 ms. At t,, = 0, all signals except the peaks at
approximately 7 ppm are nearly completely suppressed; thus, a
gradient in the magnetization is created. At t, > 0, we can
observe a gradual increase in the suppressed CS signal at
approximately 3.3 ppm with increasing t,, indicating the
presence of 'H spin diffusion among different groups. It should
be noted that the signals of the CS and PAPBA groups still

overlap in the "H CSF spectra at t,, > 0. Therefore, site-resolved
BC detection in the 'H CSF experiments is required to obtain
the spin-diffusion buildup curves. However, the small NH, and
OH signals of CS still overlap with the aromatic groups in
PAPBA at t,, = 0; it should be emphasized that recent work by
Blimich et al. has proved that the 'H spin-diffusion
characteristic time is independent of the filter efficiency.”*
Thus, the residual NH, signal of CS at approximately 7 ppm
does not affect the results regarding domain sizes. Figure 4c
shows the 3C-detected 'H spin-diffusion spectra at t,, = 1, 4, 9,
25, 49, 100, and 200 ms. Owing to the high resolution of the
3C CPMAS spectra, we can quantitatively obtain the spin-
diffusion curves of the chitosan signals (CS) as a function of the
mixing time t,. Figure 4d shows the obtained spin-diffusion
experimental data and the corresponding simulation results for
different morphologies. It is noted that the initial signal of CS$ at
t, = 0 is not zero because of the nonideal CSF filter for
suppressing the chitosan signals, which does not affect the
simulation results of the spin-diffusion curves. The 2D diftusion
model used for the spin-diffusion simulations is also shown in
this figure. It is interesting to note that a tubular (2D) inner
morphology rather than the lamellar (1D) or commonly
expected core—shell (3D) structure of the dispersed phase in
the NPs gives the best fit to the spin-diffusion curves, and the
obtained domain sizes of the PAPBA dispersed phase and CS
are 12.5 and 4.8 nm, respectively, which are considerably
smaller than the diameter (~80 nm) of the NPs. Because CS is
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hydrophilic and PAPBA is hydrophobic, CS forms a continuous
phase, whereas PAPBA forms a dispersed phase.

3.3. Determination of the Interfacial Coordinated
Interaction by "B MAS and 3QMAS Experiments. The
interface between adjacent domains in NPs is an important
factor in determining the final properties of a material.
Intermolecular coordinate interactions between hydrophilic
chitosan and the boronic acid group of hydrophobic PAPBA in
the interface region are considered to be the driving force for
the miscibility of the two components and the formation of the
NPs. Therefore, the interactions have a crucial effect on the
structure and properties of the NPs in practice. ''B MAS NMR
has been frequently used to elucidate the types of coordination
that occur in solid materials because of its sensitivity to local
chemical environments.

Figure S shows the ''B MAS NMR spectra of NPs and
unreacted NPs (NPsO) and their corresponding simulated

simulated

components

v T — T T T T L . —
60 50 40 30 20 10 0 -10  -20 -30
"B Chemical Shift (ppm)

simulated

components

T T T N T T T T T T T T T T T T T
60 50 40 30 20 10 0 -10  -20 -30
"B Chemical Shift (ppm)
Figure 5. ''B MAS NMR experimental spectra (black line) and the

corresponding simulated line shapes (red line) of (a) NPs and (b)
NPs0.

quadrupole line shapes obtained from the DMFIT simulation
program.” The calculated parameters of the B[3] components
with large C, are listed in Table 1. Because ''B is a quadrupolar
nucleus, both broad and narrow signals overlap in the MAS
spectra, as shown in Figure S. For the NPs, as shown in Figure
Sa, a broad and strong peak caused by second-order
quadrupolar interactions of boron in phenylboronic acid can
be obtained, implying that most of the boron in the NPs is

Table 1. Parameters Obtained from ''B NMR Lineshape
Simulation of the NPs and NPs0

sample & iso (ppm) Cq (MHz) nq
NPs 275+ 02 145 + 0.01 0.42 + 0.02
NPsO 27.8 £ 02 1.50 + 0.01 0.42 + 0.02

present in the trigonal form, B[3]. In previous "B  NMR
studies, only B[3] was observed for pure PAPBA powder; thus,
the B[3] signal shown in Figure Sa should be assigned to the
PAPBA in the NPs. The weak peak at 2.3 ppm shown in Figure
Sa indicates the existence of four-coordinate boron B[4] in the
NPs. Because the NPs contain 80% unmodified chitosan OH
groups, the hydroxyl group of CS can coordinate with
phenylboronic acid and trigger some boron to change from a
trigonal planar configuration to a tetrahedral configuration.
Therefore, the B[4] observed in Figure Sa should be assigned
to the coordinate interaction between CS and PAPBA in the
NPs. For NPs0, as shown in Figure Sb, both a broad B[3] signal
and a sharp B[4] signal at approximately 1.6 ppm were
observed. It is noteworthy that the B[4] signal was much
stronger in NPsO than in the NPs, indicating that the
polymerization of APBA induced a decrease in the coordinate
interaction between CS and PAPBA. Another reason is that the
NPs sample was submitted to dialysis for several hours after
polymerization; thus, residual B[4] monomers should have
been eliminated. The strong B[3] signal in NPs0 also indicates
that the majority of boron is still three-coordinate with PAPBA.
It is also noted that the line shapes of NPs and NPs0 are clearly
different, and the calculated quadrupole coupling constant Cq
of B[3] units in the NPs is smaller than that of the B[3] units in
the NPsO, indicating the changes in the boron structural
environment after polymerization. In addition to the phase
separation, based on the integration intensity of the simulated
line shapes of B[3] and B[4] shown in Figure 4, the content of
B[4] was calculated to be approximately 3 and 22% in NPs and
NPs0, respectively.

To better characterize the significantly overlapped B[3] and
B[4] sites in the 1D "B MAS NMR spectra of the NPs and
NPs0, high-resolution 2D 1B 3QMAS NMR experiments were
further performed, through which different types of boron
could be clearly distinguished in the F1 dimension without
quadrupolar broadening. Figure 6 shows the 2D ''B 3QMAS
NMR spectrum of the NPs and NPsO. Separation of two
different types of boron sites in these two samples is clearly
observed. In the F2 dimension, the projection spectrum is
superimposed by a weak B[4] signal and a strong signal
covering the chemical shift from 0 to 30 ppm, with a typical
second-order quadrupolar pattern arising from B[3] sites, as
reported by Pruski et al.*’ In contrast, in the F1 dimension,
these signals can be clearly resolved. Referring to Chen,* the
signal at 2.5 ppm can be assigned to four-coordinate boron
B[4] species, and the strong signal with large quadrupolar
broadening is assigned to three-coordinate boron B[3] species.
It is also noted that the peak intensity of B[4] signal is much
weaker than that of B[3]. Because the molar ratio of
glucosamine units to APBA in the NPs determined by
quantitative *C CPMAS NMR was 0.6:1, the observed weak
B[4] species in the NPs associated with the coordinate
interaction between CS and PAPBA implies that these two
components are only partially miscible; thus, phase separation
in the NPs should be expected. This result further confirms that
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Figure 6. ''B 3QMAS NMR spectra of (a) NPs and (b) NPs0.

phase separation occurs, as indicated by the foregoing 'H spin-
diffusion NMR experiments.

3.4. Componential Dynamics Determined by Dynam-
ic Editing '*C and 2D '3C-'H WISE Experiments.
Componential dynamics are ubiquitous and exert important
effects on the stability of pharmaceuticals®’ and the drug

21404

delivery efficiency of NPs. For example, the stability of
amorphous pharmaceuticals against crystallization is quite
important in enhancing the particles’ bioavailability in the
pharmaceutical industry.” Moreover, segmental dynamics are
quite important for controlling the diffusion efficiency of drugs
enclosed in NPs. A computer model was recently developed to
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simultaneously capture the diffusion of encapsulated drugs and
the dynamics of the polymer chains of polymer-based NPs.'®
Therefore, a deep understanding of the componential dynamics
that occur in NPs is also in high demand. 2D “C—"H WISE
experiments are widely used to characterize polymers with
heterogeneous dynamics and multiphase structures that feature
hard and soft components.'” The components are distinguished
by the 'H wide-line spectrum (F1 dimension); broad signals
indicate rigid components, and narrow signals indicate mobile
components. In contrast, the corresponding "*C chemical shifts
in the F2 dimension indicate the chemical composition. Figure
7a shows the contour plot of the *C—'H WISE spectrum of

aromatic
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Cc=0 backbone
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Figure 7. (a) 2D "*C—'H WISE contour spectrum of NPs. The *C
CPMAS spectrum of the NPs is also shown on top of the figure. (b)
Slices of the 2D WISE spectrum at different carbon sites, in which the
corresponding *C chemical shifts (ppm) are indicated.

the NPs, and Figure 7b shows slices of the WISE spectrum at
different carbon sites. It is noteworthy that the line shapes for
all of the carbon sites are nearly Gaussian and the line half-
widths are approximately 40 kHz, indicating that both PAPBA
and chitosan in the NPs are very rigid in the solid state. In the
swollen state, the mobile component could hardly be detected
in the 2D WISE experiments because of the component’s lower
'H to C CP efficiency. Instead, we used dynamic-editing *C
NMR methods to detect the componential dynamics in the
NPs. '*C DPMAS with a short recycle delay is an efficient

method for detecting the mobile component.®> Figure 8a shows
the '*C DPMAS spectrum of the NPs swollen in D,0O with a

aromatic

mobile

180 160 140 120 100 80 60 40 20
3C Chemical shift (ppm)
Figure 8. *C NMR spectra of NPs swollen in D,0O: (a) mobile
components detected by '*C DPMAS with short (0.3 s) recycle delay

and (b) rigid components detected by the T)c-filtered *C CPMAS
with a 6 s delay time.

0.3 s short recycle delay. Strong signals for chitosan with well-
resolved C1—C6 peaks were detected, indicating that the
hydrophilic chitosan chains are extremely mobile and should
reasonably give rise to a continuous phase. In contrast, only a
weak signal from PAPBA was detected in the “C direct-
polarization MAS (DPMAS) spectrum, indicating that a small
amount of PAPBA chains should intimately mix with chitosan
in the interface region and can easily contact with water; thus,
most of the rigid hydrophobic PAPBA forms a dispersed phase.
Figure 8b shows the T,-filtered *C CPMAS spectrum of the
NPs swollen in D,0O, which shows only the rigid components
exhibiting longer T,c.’**® The presence of strong PAPBA
signals in the dispersed phase indicates that most of the
hydrophobic PAPBA chains are rigid.

3.5. Suggested Model of the Nanostructure and
Dynamics of the NPs. On the basis of the SSNMR results
discussed above, a comprehensive understanding of the internal
morphology and sizes of the nanostructure, interfacial
interaction, and componential dynamics of CS—PAPBA NPs
can be achieved, and the model shown in Scheme 1 is
proposed. The obtained supramolecular-assembled NPs exhibit
a tubular internal morphology rather than the expected core—
shell structure, in which the hydrophilic CS forms the
continuous phase and hydrophobic PAPBA forms the tubular
dispersed phase. The determined domain sizes of the PAPBA
and CS phases are 12.5 and 4.8 nm, respectively. At the
interphase between the two phases, a small amount of PAPBA
intimately mixes with chitosan by means of the intermolecular
four-coordinate boronic interaction. The incorporation of
phenylboronic acid causes the conformation of CS to become
disordered. Both components in the NPs are rigid in the solid
state, whereas the chitosan segments become remarkably
mobile when swollen in water.

4. CONCLUSIONS

In this work, multiscale and multinuclear SSNMR techniques
were used to successfully probe the internal morphology and
nanostructure size, interfacial interaction, and dynamics of CS-
PAPBA NPs. Quantitative *C CPMAS experiments provided
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Scheme 1. Schematic Presentation of the Inner Morphology of the Nanostructure and Componential Dynamics of CS-PAPBA

NPs in the Solid and Swollen States in Water
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fast quantification of the NPs’ composition, which indicated
that the proportion of CS decreased after sample preparation.
The conformation of chitosan was observed to be disordered
after incorporation with phenylboronic acid. Using improved
'"H spin-diffusion methodology with '*C detection and
theoretical simulations, a tubular internal morphology was
detected in which the domain sizes of the hydrophilic
continuous phase of CS and hydrophobic dispersed phase of
PAPBA in the NPs were determined to be 12.5 and 4.8 nm,
respectively. ''B 1D MAS and 2D 3QMAS experiments
revealed that only a small amount of CS segments interact
with PAPBA segments through the B[4] coordinate interaction
in the interfacial region, indicating that the two components are
only partially miscible and further confirming the phase
separation in the NPs. Finally, dynamic-editing NMR experi-
ments indicated that chitosan chains are rigid in the solid state
and mobile when swollen in water, whereas PAPBA chains are
rigid in any state. On the basis of these NMR results, a model of
the unique nanostructure, interfacial interaction, and compo-
nential dynamics of the NPs is proposed. This study
demonstrates that solid-state NMR is intrinsically a powerful
multiscale and versatile tool for revealing the internal
nanostructure, composition, interface, and componential
dynamics of polymer-based NPs that can promote the precise
design and efficient biological application of these important
and promising NPs.
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