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ABSTRACT: Nanoscale polyelectrolyte complex materials have
been extensively investigated for their promising application in
protocell, drug carriers, imaging, and catalysis. However, the
conventional preparation approach involving positive and negative
polyelectrolytes leads to large size, wide size distribution, instability,
and aggregation due to the nonhomogeneous mixing process.
Herein, we employ reactive flash nanoprecipitation (RFNP) to
control the mixing and preparation of the nanoscale polyelectrolyte
complex. With RENP, homogeneous mixing complexation between
oppositely charged chitosan derivatives could be achieved, resulting
in stable nanoscale complexes (NCs) with controllable size and
narrow size distribution. The smallest size of NCs is found at specific
pH due to the maximum attraction of positive and negative
molecules of chitosan. The size can be modulated by altering the
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volumetric flow rates of inlet streams, concentration, and charge molar ratio of two oppositely charged chitosan derivatives. The
charge molar ratio is also tuned to create NCs with positive and negative shells. There is no significant variation in the size of NCs
produced at different intervals of time. This method allows continuous and tunable NC production and could have the potential for

fast, practical translation.

1. INTRODUCTION

Many attempts have been made to develop new delivery
systems for bioactive compounds. As a drug nanocarrier,
nanoparticles (NPs) have been widely used in delivery systems
and show great potential in biomedical applications. FDA
(Food and Drug Administration)-approved NPs are currently
being used to treat metastatic pancreatic adenocarcinoma and
ovarian cancer that has progressed or recurred after chemo-
therapy and as a contrast agent for magnetic resonance imaging
of the liver.'™* Among many NP preparation methods
including self-assembly or ionic crosslinking, polyelectrolyte
complexation has recently attracted much attention, as it could
form soft nanoscale materials rather than hard particles.
Cationic and anionic water-soluble charged polyelectrolytes
interact in an aqueous solution to form polyelectrolyte
complexes.s_8 It is a charge-driven process; the nanoscale
complex (NC) sizes can be controlled by many factors such as
the charge mixing ratio, nature of the chemical groups, and
ionic strength. The preparation of the NC is typically achieved
through manual mixing, vortexing, or dropwise addition under
stirring. However, the stability of the formed NCs and the
reproducibility of these methods are lacking. At the same time,
the quality of NCs is often suboptimal, typically showing a
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broad size distribution and a high degree of variability due to
nonhomogeneous mixing. Therefore, one of the significant
challenges needed to be addressed is the controlled
preparation of NCs.”~"*

Different from many manual mixing methods, flash nano-
precipitation (FNP), invented by Johnson and Prud’homme in
2003, could offer a rapid and efficient homogeneous mixing for
the facile controlled preparation of NPs,">~'> and ENP is
further developed by Zhu et al.'®"*° In ENP, amphiphilic
diblock polymers (stabilizers) and hydrophobic active
materials are dissolved in an organic phase and rapidly mixed
with an antisolvent stream to produce controlled precipitation
with tunable particle sizes (50—500 nm) and limited size
distribution, in which supersaturation can be generated much
faster than the diffusion-limited aggregation that controls NP
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Scheme 1. Structure of QCS (a) and CMCH (b). (c) Ilustration of the Preparation of NCs by RENP
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assembly at all production scales.””*” Great progress has been
made in the past decade to obtain various kinds of NPs via
FNP, such as drugs, imaging agents, genes, structured
polymeric NPs, and so on.””~** Different from the common
FNP method forming NPs based on solvent-induced super-
saturation and precipitation of stabilizing polymers and
hydrophobic active solutes, Zhu et al. first proposed in situ
reactive flash nanoprecipitation (RFNP) and used RENP to
construct NPs through fast coupling two reactive end-capped
polymers [PEG—NH, (methoxy—poly(ethylene glycol)—
amine) and PCL—COCI (poly(e-caprolactone)—acetyl chlor-
ide)].'® Later, Zhu et al. further developed the RENP method,
in which water-soluble polyelectrolytes could be used instead
of common-used amphiphilic block copolymer to prepare NPs
such as linear or branched polyethyleneimine, chitosan, and e-
polylysine.'” Thus, the RENP method together with a
polyelectrolyte stabilizer allows the possible reduced usage or
even no organic solvent in the production of NPs.'” Santos et
al. prepared polyplex NPs of gene—polyethylenimine with
polyionic pairing in the absence of any organic solvent,
through in situ RENP,** and Pinkerton et al. prepared organic
active component NPs with ion pairing through in situ
RENP.** Meanwhile, Zhu et al. successfully acquired the time
scales of the rapid mixing and the competing reactions during
RENP, which provided guidance to improve the desired
coupling conversion of the reaction during RENP.** More
recently, Zhu et al. utilized in situ RFNP and realized fast
generation and separation of NPs stabilized by a pH-sensitive
polyelectrolyte without using any organic solvent, which was
promising for large-scale industrial production.35 In addition,
nanoscale bioactive glass particles with doping of calcium were
also successfully prepared by RENP.*

Here, in this work, we employ RFENP to study the in situ
interaction between two long-chain polyelectrolytes under fast
mixing and the formation of the NC. Two oppositely charged
polyelectrolyte chitosan derivatives are used: cationic deriva-
tive quaternized chitosan (QCS) and anionic derivative
carboxymethyl chitosan (CMCH, with —COOH groups).””**
Chitosan is chosen due to the long chain and abundance in
nature, which is the most abundant biopolymer after cellulose
and nontoxic, renewable, antibacterial, biodegradable, and
biocompatible.””*** Tt is, therefore, the “green polymer” par
excellence.”’ The interaction of the positive and negative
chitosan derivative and formation of the NC under RENP are
investigated, as shown in Scheme 1.
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The resultant stable NCs are characterized systematically in
terms of the charge molar ratio, pH, polymer concentration,
and NaCl concentration. This method allows the continuous
and tunable production of NCs and has the potential for fast
clinical translation.

2. RESULTS AND DISCUSSION

2.1. Behavior of Polymers as a Function of pH. A
polyelectrolyte complex is generally considered to be driven by
entropy gain from small ions released and potential energy
drop due to increased electrostatic attraction. Both depend on
the charge density of the polymer.””~** Therefore, zeta
potential presents the surface charge of the particles as a
function of pH, which plays an important role.* Their zeta
potential reflects the charge of polyelectrolytes; therefore, the
zeta potential of polyelectrolytes is measured at different pH
values to find the appropriate conditions for forming
polyelectrolyte complexes. Figure 1 shows the effect of pH

401 O acs
o O CMCH
30 Co
© o
S 2 @
3 @
5 101 @ @ ®
§ o D ®
g @
-10
201 °
2304 Q © o
3 4 5 6 7
pH

Figure 1. Zeta potential of QCS and CMCH in an aqueous solution
at different pH values produced by acid/base titration. The
concentration of QCS is 0.01 w/v %, and the concentration of
CMCH is 0.02 w/v %.

on the zeta potential of QCS or CMCH in aqueous solutions.
The CMCH molecules show cationic behavior at pH 3.0 and
3.5. CMCH has an isoelectric point (pl, at which the zeta
potential reaches zero) at pH 3.7 due to its carboxyl groups.
The zeta potential of CMCH becomes increasingly negative
from approximately —8.63 to —30.7 mV as pH increases from
4.0 to 7.0. Meanwhile, QCS dispersion showed a positive
charge value from pH 3.0 to 7.0 due to the quaternary
ammonium groups. When the pH value reached 7.0, the
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Figure 2. (a) NC size and size distribution prepared by RENP (7 mL/min for each stream), comparing with the conventional self-assembly
method; (b) TEM images of NCs designed by RFNP; (c) stability of NC size; and (d) scattering light intensity of NCs prepared by RFNP and
conventional methods. The final concentration of the NC is 0.03 w/v %, QCS/CMCH = 1:2, and pH is 5.0.
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Figure 3. Effect of the charge molar ratio of QCS:CMCH on (a) hydrodynamics radius and PDI and (b) zeta potential at a fixed total polymer

concentration (0.03 w/v %), pH 5.0, and flow rate of 7 mL/min.

positive charge decreased significantly. This phenomenon is
usually attributed to the charge loss of the glucosamine
fragment (pK, 6.3—7.5),""*° and the decrease in the
electrostatic shielding effect with the increase in NaOH
addition neutralizes the pH value of the dispersion.

2.2. Comparison between RFNP and Self-Assembly
Methods. NCs were prepared by RENP through rapidly
mixing polycation QCS and polyanion CMCH solutions at a
flow rate of 7 mL/min and a concentration of 0.03 w/v %. The
hydrodynamic radius measured by DLS is 77 nm (Figure 2a),
and the size is evenly distributed, which is consistent with the
TEM image (Figure 2b). Meanwhile, the obtained NCs by
RFNP are very stable for over half a month, keeping a radius of
around 79 nm (Figure 2c), polydispersity index (PDI) (Table
S1), and constant scattering light intensity of around 1280 kHz
(Table S1 and Figure 2d).

For comparison, the conventional self-assembled mixing
method is also used to prepare NCs at the same polymer
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concentration. The obtained NCs have a higher radius of 178
nm with broader size distribution (Figure 2a). Simultaneously,
the obtained NCs by the conventional method are not stable,
experiencing a change in size and PDI, as shown in Figure 2¢
and Table S2, respectively. As shown in Figure 2d, there is a
drop in light intensity on the ninth day due to the possible
sedimentation of the aggregated large-size NC, indicating the
instability of the NCs prepared by the conventional
method."”*® Our results suggest that the RFNP method is
more conducive to prepare small and stable NCs than the
conventional method; meanwhile, it is demonstrated that
nanoscale complexation occurs in different environments in
these two processes.

The reproducibility and robustness of NC formation by the
RENP method are also confirmed. Different days are selected
to produce three batches of NCs under the same conditions
(final concentration of NC is 0.03 w/v %, QCS/CMCH = 1:2,
and pH is 5.0). There is no significant variation in the size and
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Figure 4. Effect of pH on (a) hydrodynamics radius and PDI and (b) zeta potential at a fixed total polymer concentration (0.03 w/v %), QCS/

CMCH = 1:2, pH 5.0, and flow rate of 7 mL/min.

size distribution of NCs produced at different times, as shown
in Table S3. The robustness and reproducibility of NCs are
consistent with those previously described by Santos et al.”* In
the reported study, different operators produced three batches
of NPs at different times to demonstrate the robustness and
reproducibility of the NP formation in a confined impinging jet
system. There was no significant batch-to-batch variability
measured by DLS analysis.”* This means that RENP is an
effective, scalable, and reproducible method that can operate in
the continuous mode. Below, we evaluate the effects of various
factors to control the NCs, such as the charge molar ratio, pH,
flow rate, polymer concentration, and salt concentration.

2.3. Effect of the Charge Molar Ratio of QCS and
CMCH. In order to control the formation and the surface
charge of NCs, the key factor is the charge molar ratio of
anionic to cationic polyelectrolytes during the complexation of
CMCH and QCS in RENP. Figure 3 shows the effect of
different charge molar ratios of CMCH to QCS on the
hydrodynamic radius and PDI of NCs. The sizes of the NCs
are around 57, 78, 76, and 91 nm at 1:1, 1:3, 1:7, and 1:9,
respectively, as shown in Figure 3a. It shows that the increase
in CMCH leads to increasing NC sizes. Surprisingly, only the
size of the polyelectrolyte complex at 1:3 ratio increased up to
138 + 10 nm, and the PDI of 0.27 might be due to very low
zeta potential (6.6 mV), as shown in Figure 3b. This can also
be attributed to the charge switchover from positive to
negative, accompanied by a sharp increase in the size of the
polyelectrolyte complex. NCs are neutralized at a QCS/
CMCH of about 1:4 and become negative when more CMCH
is added at 1:5. It shows that CMCH molecules surround the
QCS molecules. The gradual increase in the number of anionic
polymers reduces the suspension’s zeta potential to a negative
value, indicating that QCS is completely neutralized. Similarly,
increasing the amount of Kongda gum used to form the
complex gradually reduced the zeta potential of the suspension
to a negative value, indicating that chitosan was completely
neutralized.”” These results are consistent with those
previously observed when the amount of chitosan was not
enough to combine with the charge of pectin, leading to the
system’s negative characteristics due to the high concentration
of pectin.*®

With the further addition of CMCH, results in Figure 3
show that the current QCS is not enough to neutralize the
CMCH, and CMCH containing COO™ in excess in chains
becomes highly flexible, resulting in further negative character-
istics of the system, forming anionic NCs from QCS/CMCH =
1:5—1:9. Meanwhile, the size distributions of NCs are in the
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same range (0.21—0.23). The lower size distribution would
favor a complete ion pairing with QCS, leading to quasineutral
complexes without enough unpaired carboxyl functions to
stabilize particles. This increase in the negative surface charge
is likely to form a negative coating around the QCS. The
amount of CMCH per chitosan appears to play an essential
role in the formation of NCs.

2.4. Effect of pH on the Polyelectrolyte Complexes of
QCS and CMCH. Attractive interactions between oppositely
charged polyelectrolytes can lead to a soluble or insoluble
complex (phase separation/precipitation), and it depends on
the polymer concentration, composition, and pH. The pH
dependence of the size and the size distribution of NCs is
shown in Figure 4. The results show that when the pH was
reduced to 3.0, the size of NCs tended to be larger because
both polyelectrolytes carried a similar net charge and repelled
each other. Limited complexes are being formed, as confirmed
by the lower scattering light intensities of the sample at pH 3.0
(Table S4). At pH 3.5, NCs show a higher size distribution
(Figure 4a) due to the pI of CMCH (pI 3.7). There were no
insoluble or precipitation (pH¢p1) complexes near the plI of
CMCH (pH 3.5) due to the low polymer concentration. At
pH 3.0, the NCs display a positive charge (12.7 mV), while the
positive charge decreased to —2.6 mV at pH 3.5, which is
expected to be weak complexation, as shown in Figure 4b.
Above pH 4.0, biopolymers carry opposing net charges and
begin to attract one another. Complexation is thought to occur
as pH increases, large particles change into smaller particles,
and the size distribution (Figure 4a) developed into a more
homogeneous pattern than at lower pH values, suggesting the
development of complexes between QCS and CMCH.

The development of complexes between QCS and CMCH
can be observed by scattering light intensity. The polymer
solution undergoes a transparent-to-cloudy transition, as
evidenced by the significant increase in the scattering light
intensity at which optimum interactions (pHopt) between QCS
and CMCH occur. These results demonstrate that the polymer
mixture’s pH-dependent increase in scattering intensity is due
to the electrostatic interaction between QCS and CMCH.
These results are consistent with those previously observed
that the increase in the scattering light intensity with the pH
value in the biopolymer mixture is due to the electrostatic
interaction between whey proteins and gum arabic.*” Similarly,
the turbidity of particles slightly increased during complex
formation.”® With pH increasing from 5.0 to 6.5, the size and
distribution of NCs increase as the positive charge decreased.
This can be attributed to enhancing the deprotonation of
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amino groups in QCS (decrease in charge to the neutral value)
and increasing the negative charge of COO™ groups on
CMCH. Similarly, Yan et al.'® also found that the zeta
potential of the complex decreased with the rise in the pH
value. The results demonstrate that the charge of the NCs is
affected by pH. The lowest radius (74.8 nm) of NCs is found
at pH 5.0 due to the maximum attraction of positive and
negative molecules.

2.5. Effect of the Flow Rate on Complexation. The
flow rate and the degree of mixing are the crucial character-
istics of RFNP. Rapid mixing induces fast and homogeneous
mixing of the polyanion and polycation.””*"*> We vary the
flow rate from 1 mL/min to 10 mL/min [the corresponding
Reynolds number (Re) shown in Table S5] for CMCH-QCS,
at 0.03 w/v % and 1:2 ratio and maintaining the pH at 5.0. As
shown in Figure Sa, as the flow rate increases from 1 mL/min
to 7 mL/min, the radius decreases from 142 nm to around 74
nm, reaching the smallest size, and the size distribution is
narrower from 0.31 to 0.24 (Figure Sa). When the flow rates
are higher than 7 mL/min (Re ~ 406), the size remains
constant at around 76 nm, suggesting intensive mixing under
these conditions.”>”“*"* These results are consistent with the
literature results observed for amphiphilic polymer NPs
prepared by the RENP method, where the NP size becomes
independent at a high flow rate at a fixed polymer
concentration.”’

The particle size and its distribution of the polyelectrolyte
complex depend on the nature energy input. This may be
because the high viscosity of polymer solution reduced the
mixing efficiency or it did not have enough time to deform the
particles. When the flow rate is high enough (i.e., 7 mL/min or
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Re ~ 406), the mixing time is in the order of a few
milliseconds, and the flow pattern assumes turbulent-like
characteristics. Similarly, other types of mixing devices are used
to achieve mixing regimes similar to RFNP. Liu et al, for
example, reported a microfluidic glass capillary assembly that
used a coaxial flow to achieve a homogeneous environment for
NP nucleation and growth in Re & 10—200 range.”> The
mixing time is a function of the flow rate. The mixing time
(Tmyx) was not short enough to provide a homogeneous
micromixing environment at a lower flow rate, resulting in the
larger size and broad size distribution of NPs.'”*>*>%%%% In a
word, a higher flow rate enhances the mixing of the polyanion
and polycation and shortens the mixing time, increasing the
rate of energy dissipation, thus reducing the size of the particles
and narrowing the size distribution. RENP can prevent growth
and aggregation faster, thus forming relatively stable NCs.***°
These results are consistent with those previously reported.
According to Wang et al., RENP NPs have a hydrodynamic
radius of about 74 nm and narrow size distribution, while
typical grecipitation particles have larger sizes and a wider size
spread.”® We also demonstrated the effect of fast mixing on the
polyelectrolyte complex NPs compared with self-assembly
mixing. NCs keep a similar surface charge with speed changing
from 1 to 10 mL/min, showing cationic NCs with 11.3 + 1
mV at fixed 0.03 w/v % polymer concentration, as shown in
Figure Sb.

2.6. Effect of Polymer Concentration. At a constant flow
rate, that is, 7 mL/min (Re = 406), and charge molar ratio
(QCS/CMCH = 1:2), with the increase in concentration from
0.03 to 0.09 w/v %, the radius of NCs significantly increases
from 77 to 592 nm, while the size distribution increases from
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Figure 7. Effect of salt concentration on (a) hydrodynamics radius and PDI and (b) zeta potential at a fixed total polymer concentration (0.03 w/v
%), QCS/CMCH = 1:2, QCS/CMCH = 1:2, pH 5.0, and flow rate of 7 mL/min.

0.21 to 0.36, as shown in Figure 6a. At higher concentrations
above 0.03 w/v %, the size and size distribution increase.
Beyond high concentrations of 0.1 w/v %, the prepared NC
solution quickly precipitates. These results indicate that in the
concentration range from 0.01 to 0.1 w/v %, the NC could be
produced by RENP. In comparison, the large-scale particle
larger than 1 ym was formed through the conventional method
by either QCS—CMCH or single chitosan derivatives (Figure
S1).

Furthermore, the NCs exhibit an increased positive zeta
potential (Figure 6b). The positive charge on NCs increased
from +11.5 to +28.8 mV as concentration increased due to the
loss of charge on CMCH. This may be attributed to the fact
that the zeta potentials of the QCS solution were higher than
those of the CMCH solution, yielding a cationic charge in the
final mixture when the order of polymer is QCS:CMCH.
Results indicated that when the polymer order was inversed
(CMCH:QCS), NCs show larger size, and higher size
distribution of cationic particles is obtained (Figure S2).

2.7. Effect of Salt on Complexation. As the NCs are
charged, consisting of electrostatically driven complexes, the
electrostatic interaction and the formation of NCs could be
affected by ionic strength or salt concentration. As shown in
Figure 7a, the radius of NC is around 77 nm in the absence of
NaCl. With the addition of NaCl, the size increased to 106 nm,
and with the further increase in NaCl concentration to 0.3 M,
the radius increased slightly from 106.5 to 136 nm with
uniform size distribution (from 0.14 to 0.20). After that, ionic
strength significantly affects NC complexation. Remarkably,
the hydrodynamic radius of the NC increased from 309 to 502
nm, and higher PDI (0.34 and 0.41) values are obtained,
respectively, at 0.4 and 0.5 M (Figure 7a). The significant
increase in the radius of the NC at 0.4 and 0.5 M suggests that
the aggregation and successive sedimentation of particles are
indeed observed after overnight storage. In general, high salt
concentrations have a dissociating effect on coacervate
complexes.”” We assume that the increase in the size of NCs
with the increase in NaCl concentration reflects the influence
on the formation of the QCS—CMCH complex in two ways:
(1) screening the electrostatic repulsion between the
aggregation subunits, which increases the collision frequency,
and (2) the competitive binding of CMCH anions and CI,
weakening the binding of QCS—CMCH. Although the
weakened QCS—CMCH binding slows down the formation
and aggregation of NCs (both need to be linked to the
chitosan chain via CMCH), which was again consistent with
previous work. The zeta potential increased from 13.5 mV for
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the NC without salt to 23.7 mV for the NC with 0.01M salt
and around 22 mV with 0.01—0.08M salt. This indicates the
attraction between polymers and the addition of a small
amount of NaCl, which enhances the polyelectrolyte complex
by increasing the solubility of the polymers and is favorable to
the electrostatic attraction up to 0.08 M.>°

However, no macroscopic phase separation occurred.
Besides, the zeta potential decreased from 21.8 to 8.8 mV as
NaCl concentration increased from 0.1 to 0.5 M. The increase
in NaCl concentration weakens electrostatic interactions
(electrostatic screening effects) between oppositely charged
polymers, resulting in complex destruction between QCS and
CMCH. In general, the conductivity of the solution increases
with the increase in the salt content (Table S6).

3. CONCLUSIONS

We successfully prepared nanoscale polyelectrolyte complexes
with uniform size by RFNP using QCS as a polycation and
CMCH as a polyanion. The size of NCs can be modulated by
altering the volumetric flow rates of streams. The prepared
NCs depend on the pH, the concentration, and the cationic/
anionic ratio of biopolymers. The charge molar ratio of the
polyanion to the polycation was also tuned to create NCs with
a positive or negative shell. Meanwhile, the NPs prepared have
no significant batch-to-batch variability, which will be
beneficial to the continuous and reproducible production of
nanoscale polyelectrolyte complexes. These results indicate
that the nanoscale polyelectrolyte complex could be effectively
prepared by RENP and will be helpful in many applications,
such as drug delivery and food processing.

4. MATERIALS AND METHODS

4.1. Materials. QCS (M,, = 200 kDa, degree of substitution
>80%) and CMCH (M,, = 200 kDa, degree of substitution
>90%) were purchased from Nantong Lushen Bioengineering
Co.; sodium chloride (NaCl), hydrochloric acid (HCI),
sodium hydroxide (NaOH), and acetic acid were purchased
from Sigma-Aldrich (Shanghai, China). Milli-Q water was used
for the preparation of all solutions.

4.2, Solution Preparation. QCS stock solutions were
prepared by dissolving the dry powder in acetic acid (83.3
mM) and stirring at room temperature overnight. CMCH
stock solutions were prepared by dispersing the powder into
sodium acetate buffer (5 mM, pH 7.0) and subsequently
stirring for at least 4 h to ensure complete dissolution. The pH
of QCS, CMCH, or QCS/CMCH was adjusted using 1.0, 0.5,
and 0.1 M NaOH or HCI as needed. The effect of ionic
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strength is investigated at different NaCl (0-0.5 M)
concentrations before mixing in a separate syringe.

4.3. Preparation of NCs. The multi-inlet vortex mixer
device consists of four inlets, as shown in Scheme 1 (c).
Streams 2 and 4 were arranged for the buffer of the same pH as
a polymer solution, stream 1 was arranged for the CMCH
solution, and stream 3 was arranged for the QCS solution. To
investigate the effect of ionic strength, stream 2 was used to
inject an aqueous solution of NaCl with the same pH through
inlets 1, 3, and 4. Various concentrations of QCS and CMCH
were investigated to optimize the NCs. The four streams were
all connected to the syringe via Teflon tubing. The volumetric
flow rates for the four streams were the same (1—10 mL/min).

4.4. Characterization of NCs. For zeta potential values, a
Zetasizer instrument (Malvern Instruments, ZEN 3700, Zeta
master, Worcs., UK) measured the charge on particles at room
temperature. Equipment software uses the Smoluchowski
mathematical model to convert the electrophoretic mobility
measurement value into the zeta potential value.

For NC sizes, the mean hydrodynamic radius (R,) was
measured by dynamic—static light scattering (ALV-CGS3 light
scattering apparatus, operating at a wavelength of 632.8 nm) at
25 °C. Ry, is measured at a fixed angle of 90°. The CONTIN
method was used to analyze the size distribution of particles.
Scattering light intensity is also recorded while measuring the
size of NCs. For data processing, average and standard
deviations were obtained from six duplicates with acquisition
times of 30 s for each.

For morphology, NC morphology was observed by TEM
(TEM, Hitachi, H-700 Tokyo, Japan). A drop of NCs of the
solution was deposited on a carbon-coated copper grid. The
droplet was allowed to dry for 10 min.
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