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ABSTRACT: In this work, smart hollow microcapsules made of thermal-/pH-dual sensitive aliphatic poly(urethane-amine) (PUA),
sodium poly(styrenesulfonate) (PSS), and Au nanoparticles (AuNPs) for interdependent multi-responsive drug delivery have been
constructed by layer-by-layer (LbL) technique. The electrostatic interactions among PUA, PSS, and AuNPs contribute to the successful
self-assembly of hollow multilayer microcapsules. Thanks to the shrinkage of PUA above its lower critical solution temperature
(LCST) and the interaction variation between PUA and PSS at different pH conditions, hollow microcapsules exhibit distinct pH-
and thermal-sensitive properties. Moreover, AuNPs aggregates can effectively convert light to heat upon irradiation with near-infrared
(NIR) laser and endow the hollow microcapsules with distinct NIR-responsiveness. More importantly, the NIR-responsive study also
demonstrates that the microcapsule morphology and the corresponding NIR-responsive drug release are strongly dependent on the
pH value and temperature of the media. The results indicate that the prepared hollow PUA/PSS/Au microcapsules have the great
potential to be used as a novel smart drug carrier for the remotely controllable drug delivery. © 2015 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Stimuli-responsive multilayer microcarriers have attracted sig-
nificant attention over the past decades."” Light-responsive
microcapsules constructed by layer-by-layer (LbL) self-assembly
are widely used in the biomedical field.> Compared with the
UV or visible light, which has a short tissue penetration depth
and is harmful to the human body, the near-infrared (NIR)
irradiation to induce the encapsulated material release at the
specified location in a remotely controllable manner is quite
attractive because most of living organisms and physiological
media are relatively transparent to NIR.>> At present, there are
some reports concerning the NIR light responsive microcapsules
for stimuli-responsive drug release. For example, Wu ef al.
prepared self-propelled polymer multilayer Janus capsules for
effective drug delivery and light-triggered release.® Hu et al.
constructed light-responsive gold nanorod-covered kanamycin-
loaded hollow SiO, nanocapsules for drug delivery and photo-
thermal therapy on bacteria.” However, most of them deal with
the response to the single NIR light stimulus. Compared with
single responsive microcapsules, hollow multilayer microcap-

sules that can respond to more than one stimulus are more
interesting owing to their physiological and biological applica-
tions.*'® In addition, multiple-responsive microcapsules has a
wide selection range of smart responses,'’™"> and the corre-
sponding drug loading efficiency and responsive properties may
be improved as well."* For example, many studies on NIR single
responsive microcapsules have mentioned that the temperature
rise upon laser irradiation has a great influence on the NIR-
responsive property of the microcapsules.”” On the other hand,
the investigation of NIR-responsiveness at different pH condi-
tions is also necessary because the pH value of tumor is weak
acid and the pH value of normal tissue is nearly neutral. There-
fore, the design of multiple-responsive microcapsules and the
interactive mechanism among different stimuli is very signifi-
cant to the application of remotely controllable drug delivery.

In the present article, NIR-, pH-, and thermal-responsive prop-
erties would be introduced into the hollow polyelectrolyte
microcapsules, and the mutual influence among different stim-
uli has been investigated in detail. To date, a variety of nano-
scaled carriers that could absorb NIR light and change light

Additional Supporting Information may be found in the online version of this article.
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Scheme 1. Schematic illustration of the fabrication for hollow PUA/PSS/Au microcapsules and the near-infrared/pH/temperature-multiple responsive

drug delivery from hollow PUA/PSS/Au microcapsules. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

energy into heat energy have been widely employed in thermo-
therapy.'” The most widely used are nanogolds, including spher-
ical Au nanoparticles (AuNPs),'*™'® core/shell nanoparticles,"
hollow Au nanocages,”® and Au nanorods.*'™>* Compared with
other nanostructures, spherical AuNPs have been employed suc-
cessfully in biomedical application such as drug release or pho-
tothermal destruction of cancer.”* On the other hand, aliphatic
poly(urethane-amine) (PUA), which shows distinct pH- and
thermal-dual responsive property, has been used as the smart
element in the present study.”>” The thermal-responsiveness of
PUA is more biocompatible, and the preparation is simple and
nontoxic.* AuNPs aggregates can effectively convert NIR light
into heat and due to its thermally induced reversible transition
property in aqueous solution above its lower critical solution
temperature (LCST).?® The amine group of PUA would change
to the protonated amino forms with the decrease of pH value,
which results in the pH-sensitivity of aliphatic PUA (see Sup-
porting Information Figure SI).

In this article, hollow PUA/sodium poly(styrenesulfonate)
(PSS)/Au microcapsules with NIR, pH, and temperature multi-
responsive drug delivery properties have been prepared by LbL
method. Hollow microcapsules could not enter the tissue inte-
rior and effectively avoid the aggregation and potential toxity of
carriers within the tissue. Therefore, hollow microcapsule is a
potent carrier for extracellular drug release. Moreover, compared
with single-responsive nanocarriers with the size below 200 nm,
it is more feasibe to endow the hollow microcapsules with
multiple stimuli-responsiveness. As illustrated in Scheme 1, we
chose MnCOj; microparticles as template instead of others such
as CaCO; microparticles, because MnCO; microparticles were
easily redispersible after centrifugation and no apparent particle
aggregation was observed during the process.”® Aliphatic PUA
and PSS were adsorbed onto the MnCOj3 template by LbL tech-
nique. Then, AuNPs aggregates were embedded onto the micro-
particles via the electrostatic interaction. Finally, hollow PUA/
PSS/Au microcapsules were easily obtained by removing the
MnCOj; cores with ethylenediaminetetraacetic acid (EDTA).
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AuNPs aggregates in the microcapsule shell endow the micro-
capsules with distinct NIR-responsive drug release property.
Thanks to the electrostatic interaction variation between PUA
and PSS at different pH conditions and the shrinkage of ali-
phatic PUA above its LCST, the prepared hollow microcapsules
exhibited distinct pH- and thermal-dependent properties as
illustrated in Scheme 1. More interestingly, we had discovered
that the microcapsule morphology and the corresponding NIR-
responsive drug release are strongly dependent on the pH value
and temperature of the media. The possible interaction mecha-
nism among different stimuli had also been discussed in the
present article.

EXPERIMENTAL

Materials

Sodium poly(styrenesulfonate) (PSS, M,, = 70,000, Alfa Organ-
ics, China), doxorubicin hydrochloride (DOX, Beijing Huafen-
glianbo Chemical, China), manganese sulfate (MnSO,, Tianjin
Chemical Reagent Factory, China), ammonium bicarbonate
(NH,HCO;, Tianjin Hengxing Chemical, China), isopropyl
alcohol (IPA, Tianjin Shengao Chemical, China), sodium hyalu-
ronate (HA, Liuzhou Liuhua Chemical, China) and chloroauric
acid tetrahydrate (HAuCl,-4H,O, Sinopharm Chemical Reagent,
China), (EDTA,
Tianjin Chemical Reagent Factory, China) were analytical
reagents and used as received. The aliphatic PUA was synthe-
sized by the copolymerization of 2-methylaziridine with CO, as
illustrated in Supporting Information Figure $1.%° The LCST of
aliphatic PUA is 50°C as measured by a temperature-variable
UV-vis spectrometer. The urethane content calculated from ele-
mental analyses is 41.86%. M,, and PDI of the aliphatic PUA
are 1.2 X 10* and 1.67, respectively.

disodium ethylenediaminetetraacetic acid

Preparation of Au Nanoparticles

The classic Frens’ method was used to prepare AuNPs. Briefly,
20 mL of HAuCly solution (0.25 mM) was brought to a boil,
and then 0.2 mL of sodium citrate solution (0.189M) was
quickly added to the boiling solution with vigorous stirring.
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Boiling and stirring were continued for 15 min, the heat source
was then removed and the stirring was continued for an addi-
tional 15 min until the temperature reduced to room tempera-
ture. The resulting solution of colloidal particles was stored in
the dark at 4°C for the later use.

Preparation of Hollow PUA/PSS/Au Microcapsules

Porous MnCOj; microparticles were prepared by rapid mixing
of equal volume of NH,HCO; and MnSO, aqueous solutions.
Typically, MnSO, solution (100 mL, 0.016M, with 0.5% IPA)
was rapidly poured into NH;HCO; (100 mL, 0.16M, with 0.5%
IPA) and 100 mg HA mixed solution under vigorous stirring at
50°C. After 15 min, the precipitated MnCO; microparticles
were washed with distilled water for three times and collected
by centrifugation.

Microcapsules were fabricated via LbL technique. Typically,
MnCQO; microparticles were alternately incubated in 2 mg mL ™"
of PUA aqueous solutions (pH 6.5) and then 2 mg mL™" of PSS
aqueous solutions (pH 6.6) for 15 min under gentle shaking.
Nonadsorbed PUA or PSS was removed by three repeated refine
circles of centrifugation (2000 rpm, 2 min)/washing prior to the
addition of the oppositely charged polyelectrolyte solution. To
form AuNPs aggregates, 2 mL of NaCl (0.8M) and AuNPs solu-
tion were mixed for 2 min. After self-assembly of four bilayers of
polyelectrolyte, AuNPs agglomerates were deposited on the
microparticles via sorption. MnCOj cores were dissolved by incu-
bating in EDTA solution (0.1M, pH 7.3) for two times, each for
30 min. Hollow (PUA/PSS)4-Au microcapsules were then
obtained, which were further washed with water for three times
and collected by centrifugation.

Characterization of Hollow PUA/PSS/Au Microcapsules

High magnification morphology of the hollow microcapsules
was imaged using a field emission scanning electron microscopy
(FESEM, JEOL 7500F). The incorporation of AuNPs inside the
hollow microcapsules was confirmed by means of energy disper-
sive X-ray spectrometer (EDX, INCA). The sample solutions
were dropped on a silicon wafer until drying and the silicon
wafer was coated with an ~100 A layer of platinum before
observation. Transmission electron microscopy (TEM) was per-
formed using a Tecnai G2 20 emission electron microscope
(FEI) at an operating voltage of 200 kV. Zeta-potential of the
MnCOj; template and multilayer microcapsules were measured
in 0.025M of NaCl solution with a pH value of 6.0 by a Zeta-sizer
(nano ZS90 Malvern Instruments) to study the LbL process. At
least three measurements were performed for each sample and the
average values are shown as resulting zeta-potential.

Drug Loading and In Vitro Release Studies of Microcapsules

The hollow microcapsules were added to 4 mL of DOX solution
(0.5 mg mL™") over 12 h with gentle shaking at 30°C. Then,
DOX-loaded samples were washed and collected by centrifuga-
tion for three times. The UV-visible spectrophotometer was
used to measure the DOX content of the clear supernatant at
481 nm from a calibration curve recorded at the same condi-
tion. The loading DOX content in microcapsules will be meas-
ured by taking away the DOX content of clear supernatant from
the feed drug content. The drug loading efficiency can be calcu-
lated by the percentage of loaded drug based on feed amount.
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Figure 1. UV-Vis-NIR extinction spectra of monodisperse AuNPs and
AuNPs aggregates (by adding 0.8M of NaCl solution for 2 min). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]

For the multiple-responsive drug release test, the DOX-loaded
microcapsules were dispersed in a certain volume of PBS solu-
tion (pH = 7.4). Then, 1 mL of microcapsules was put in dialy-
sis bags (cut-off MW 8000) with 3 mL release medium in
different pH values (pH 2.1, 4.5, or 7.4), and then immersed in
a conical flask of 26 mL release medium under continuously
stirring at different temperatures (37 or 55°C). About 3 mL of
sample was removed from the conical flask each hour and
replaced by the same volume of fresh medium. A continuous
wave (CW) laser source (780 nm, 120 mW) was employed to
investigate the NIR-sensitivity of the microcapsules. The micro-
capsules were suspended in 2 mL of buffer solution (pH 4.5 or
7.4) with NIR irradiation at room temperature. 0.4 mL of sam-
ple was periodically removed and then diluted to 2 mL. An
UV-visible spectrophotometer was used to analyze the amount
of released drug. As a control test, microcapsules without NIR
laser were analyzed using the same procedure.

RESULTS AND DISCUSSION

Aggregation of Au Nanoparticles

As shown by TEM image and the particle size distribution of
AuNPs (Supporting Information Figure S2), the monodisperse
AuNPs were spherical in shape with an average diameter of
20 nm and exhibited a narrow unimodal size distribution. As
demonstrated by a Zeta-sizer instrument, the zeta-potential of
AuNPs was around —16 mV. The relatively high negative charge
made it possible for AuNPs to load into the hollow microcap-
sules via electrostatic interaction. The monodisperse AuNPs
could not absorb NIR light, while AuNPs agglomerates could
effectively absorb NIR light and convert light to heat. AuNPs
agglomerates were generated by adding NaCl solutions to
the monodisperse AuNPs solutions. NaCl solutions increased
the ionic strength of AuNPs solutions, and then weakened the
repulsion between the functional groups of AuNPs, leading to
the accelerated accumulation of AuNPs.** AuNPs solutions rap-
idly changed from red to blue/grey and became unstable by
adding 0.8M of NaCl solution for 2 min. Figure 1 shows the
typical UV-Vis-NIR extinction spectra of monodisperse AuNPs
and AuNPs aggregates. The corresponding absorption spectrum
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Figure 2. Evolution of zeta-potential during deposition of (PUA/PSS),
multilayers on the surface of MnCOj;.

displayed a new broad absorption region between 700 and
900 nm with a maximum absorption peak at 743 nm after
aggregation, indicating the good absorption ability of AuNPs
agglomerates at NIR area.

Characterization of Hollow PUA/PSS/Au Microcapsules

As mentioned above, we chose MnCOj; microparticles as tem-
plate because they were easily redispersible in aqueous solution
after centrifugation.”” Isopropanol (IPA) had been used as crys-
tal growth additive to provide effective control over the crystal-
lization process, leading to MnCOs; crystals with desired size
and dispersion.”’31 Sodium hyaluronate (HA) was used to en-
dow the MnCOj; microparticles with negative charge. PSS had
been adsorbed as the first layer to increase the negative charge

100 nm
—
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of the template, which would improve the bonding force
between MnCO; microparticles and polyelectrolyte.

Figure 2 shows the LbL self-assembly process by zeta-potential
data. Negatively charged HA was used as crystal growth additive
and endowed the MnCOj; microparticles with negative charge.
The zeta-potential of the HA-doped MnCOj; microparticles was
around —31 mV as illustrated in Figure 2. The zeta-potential
changed to —32 mV after the assembly of PSS due to the strong
negative charge of PSS. It could be seen that the zeta-potential
was oscillated during the LbL self-assembly process, indicating
that the polyelectrolyte multilayers were successfully assembled
on the template.”* In addition, the zeta-potential was overall ne-
gative even after the adsorption of PUA owing to the weak posi-
tive charge of PUA. It must be noted that the hollow multilayer
microcapsules could be successfully obtained in spite of the
overall negative zeta-potential during the self-assembling pro-
cess. The hydrogen bonding between the sulfonic groups of PSS
and the urethane groups of PUA contributed to the successful
LbL self-assembly.***?

As shown by Figure 3(A), the HA-doped MnCOj; microparticles
were spherical in shape with diameter of about 1-2 um. Figure
3(D) shows a magnified FESEM image of MnCO; micropar-
ticles. It could be found that the surface of MnCO; micropar-
ticles was very coarse. After adsorption of the polyelectrolyte
multilayers, the MnCOj; template was dissolved by EDTA. Prior
to laser irradiation, the microcapsules were spherical in solution
but resembled deflated balloons after being dried for micro-
scopic analysis [Figure 3(B)]. The magnified image [Figure
3(E)] showed that the surface of the polyelectrolyte microcap-
sules was relatively smooth compared with that of MnCO;

/)
0.5 um
prese—|

100 nm
-

100 nm
—

Figure 3. FESEM micrographs of MnCO; (A), hollow PUA/PSS/Au microcapsules before (B) and after NIR laser irradiation (C). (D), (E), (F) are the

high magnification of (A), (B), (C), respectively.
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Figure 4. TEM images of hollow PUA/PSS/Au microcapsules before (A) and after NIR laser irradiation at pH 7.4 (B) and pH 4.5 (C). (D), (E), (F) are

the high magnification of (A), (B), (C), respectively.

microparticles, indicating the incorporation of polyelectrolyte
multilayers around the MnCO; template.’® Figure 3(C) showed
that the microcapsules shrunk upon NIR laser irradiation and
the size of the microcapsules was smaller than that before the
laser irradiation. It could also be observed from Figure 3(C)
that the microcapsule shell was denser after NIR laser irradia-
tion than that of original ones. AuNPs agglomerates could ab-
sorb NIR light and convert light energy to heat upon NIR laser
irradiation, leading to a local temperature rise in the polyelec-
trolyte multilayers around the AuNPs.** When the local temper-
ature became higher than the LCST of PUA, the polymer chains
would shrink and ultimately obtain the smaller microcapsules
with dense structure.®* The EDX spectrum of hollow PUA/PSS/
Au microcapsules (Supporting Information Figure S3) con-
firmed the presence of N element coming from aliphatic PUA
and Au element deriving from AuNPs.

Figure 4 shows TEM images of hollow PUA/PSS/Au microcap-
sules before and after NIR laser irradiation at different pH val-
ues. The solid structure of multilayer MnCO; microparticles
changed to hollow structure after dissolved by EDTA because of
the disappearing of MnCO; core as demonstrated in Figure
4(A). It could also be observed that the thickness of the micro-
capsules shell was about 143 nm. Moreover, it could be clearly
found from a magnified image of the microcapsule [Figure
4(D)] that the agglomerates AuNPs were embedded on the
microcapsule shell. It could be observed in Figure 4(B) that
after NIR laser irradiation at pH 7.4, the microcapsules kept
intact but the thickness of the microcapsule shell decreased to
around 86 nm, which was smaller than that before laser irradia-
tion [Figure 4(A)]. The size decreasing of hollow microcapsules
is perhaps derived from the shrinkage of the PUA and the local
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temperature rise in polyelectrolyte multilayers.®® Figure 4(C)
showed that after NIR laser irradiation at pH 4.5, microcapsules
were partially damaged and intact microcapsules could not be
observed. The possible reason is that more and more amino
group of aliphatic PUA is protonated with decreasing pH value.
Therefore, the electrostatic interaction between PSS and PUA is
weakened, resulting the formation of fragile polyelectrolyte mul-
tilayers.”>*” However, it could be observed that the aggregated
AuNPs were melted and became smaller after NIR irradiation at
pH 7.4 and 4.5 [Figure 4(E,F)]. The results suggested that the
aggregated AuNPs had absorbed NIR light and converted light
energy to heat.*!

pH-/thermal-Sensitive Release

The prepared hollow microcapsules had better stability in aque-
ous solution. The static aqueous suspension of the studied
microcapsules would be slowly deposited after several hours.
However, after gentle shaking, slightly deposited hollow micro-
capsules would be redispersed in aqueous solution with the per-
fect shape. The drug loading efficiency of the hollow PUA/PSS/
AuNPs microcapsules was 48.8%. Figure 5(A) shows the pH-
dependent release of DOX from the hollow PUA/PSS/Au micro-
capsules at 37°C over a period of 24 h. As illustrated in Figure
5(A), DOX release increased with decreasing pH value from 7.4
to 2.1. Only 31.1% of DOX were released at pH 7.4 over 24 h,
but almost 58.6% of DOX were released at pH 2.1 with the
same treatment. Moreover, about 50% of DOX were released at
pH 2.1 within the first 4 h. Scheme 1 clearly indicated that the
hollow microcapsules had undergone the distinct structural
change in acidic solution. With decreasing pH value, more and
more amino groups of positive aliphatic PUA are protonated
and the electrostatic repulsion between the positive charges
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(B) release profiles of the hollow PUA/PSS/Au microcapsules. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

results in a swelling structure.>*® Therefore, the polyelectrolyte
walls would gradually loose and collapse to facilitate the rapid
release of DOX.*™" It should also be noted that the total
released DOX amount were relatively low for all studied pH
conditions. The possible reason to this phenomenon is that the
AuNPs inside the microcapsule shell probably increase the
strength of the microcapsules, which results in the relatively lower
drug release rate. The P value obtained from Student’s f test analy-
sis in the comparison between the release at pH 7.4 and 2.1 was
<0.0001, the P value between the release at pH 7.4 and 4.5 were
0.0042. Both of the differences were very statistically significant
(>95% confidence).

Figure 5(B) presents the thermal-responsive release profiles of
hollow PUA/PSS/Au microcapsules at pH 7.4. As illustrated in
experimental section, the LCST of aliphatic PUA employed in
the present study was 50°C.>> Therefore, we chose 37°°C, which
was lower than the LCST; and 55°C, which was higher than the
LCST, as the temperature conditions in smart drug delivery
study. Compared with the release performance at 37°C, a dis-
tinct burst release was clearly observed at 55°C within the first
1 h for the hollow PUA/PSS/Au microcapsules. As illustrated in
Scheme 1, when the temperature exceeds the LCST of PUA,
polymer chains become contractive and DOX molecules would
be squeezed from the hollow microcapsules and the rapid DOX
release would be observed.’®?' However, with the increasing of
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The rupture of microcapsules upon
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Figure 6. DOX release profiles of hollow PUA/PSS/Au microcapsules at
pH 7.4 or 4.5, with or without NIR laser irradiation (A) and the sche-
matic illustration of interdependent NIR/pH/temperature multi-sensitivity
for hollow PUA/PSS/Au microcapsules (B). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the shrinkage degree of the aliphatic PUA polymer chains, the
polyelectrolyte multilayers become too dense to release the
DOX.>*** Therefore, the release curve becomes relatively gentle
after 2 h. The P value between the release at 55 and 37°C was
0.0441. The difference between these data was statistically signif-
icant (>95% confidence).

Interdependent NIR/pH/Temperature multi-Sensitivity

AuNPs aggregates could absorb NIR light and effectively convert
light to heat, which have been widely used in thermotherapy by
local laser irradiation.** As we know, the pH value of tumor is
weak acid and the pH value of normal tissue is nearly neutral.
Therefore, the investigation of NIR-responsiveness of the hollow
microcapsules at different pH conditions is significant. To inves-
tigate the NIR-responsive release of DOX-loaded PUA/PSS/Au
microcapsules at different pH conditions, a CW diode laser
with a centre wavelength of 780 nm was employed.”® It should
be noted that the NIR-responsive drug release behaviour was
performed at a static state in buffer solution with pH 7.4 and
4.5 [see Figure 6(A)]. It was different from the experiment
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Figure 7. FESEM micrographs of hollow PUA/PSS/Au microcapsules before (A) and after NIR laser irradiation at pH 7.4 (B) and pH 4.5 (C).

condition of Figure 5, which was performed at a shaking bath.
For the sample without the NIR laser irradiation, only 13.9%
DOX were released within 4 h at pH 7.4. However, for the sam-
ple upon NIR laser irradiation at pH 7.4, the release of DOX
already reached 20% within 30 min. It also can be observed
from Figure 6(A) that the cumulative DOX release reached
48.6% within 4 h for the sample with the NIR laser irradiation
at pH 4.5, which was significantly higher than that irradiated at
pH 7.4 (20%) and without NIR irradiation (13.9%). Student’s ¢
test analysis showed that the difference between the release of
hollow PUA/PSS/Au microcapsules without laser at pH 7.4 and
with laser at pH 4.5 was very statistically significant (P value
was 0.0088, >95% confidence).

The results indicated that the NIR-responsive drug release prop-
erty was dependent on the media pH value. To confirm this
conjecture, FESEM micrographs of hollow PUA/PSS/Au micro-
capsules before and after NIR laser irradiation at pH 7.4 and
4.5 were presented in Figure 7. It could be found that the
microcapsule was integral before NIR laser irradiation and the
microcapsule shell was soft and loose. Upon NIR laser irradia-
tion at pH 7.4, the hollow microcapsules were partially dam-
aged [Figure 4(B)]. The possible reason to this phenomenon is
that the electrostatic interaction between PSS and PUA is strong
at pH 7.4 and the heat energy generated by AuNPs aggregates
could not destroy the polyelectrolyte multilayers substan-
tially.'®'”**>* When the local temperature becomes higher than
the LCST of PUA, the polymer chains would crinkle and ulti-
mately lead to the shrinkage of the whole microcapsules. As a
result, the microcapsules shell becomes dense [Figure 7(B)] and
obstructs the drug release in the late [Figure 6(A)].>**® This
phenomenon indicates that the NIR-responsiveness of hollow
microcapsules is also related to the temperature. On the other
hand, the microcapsule shell became dense for the sake of the
local temperature rise upon NIR laser irradiation at pH 4.5
[Figure 7(C)], which was similar with the phenomenon at pH
7.4. However, it must be noted that the microcapsules had been
damaged and could not keep the intact structure at pH 4.5
[Figure 7(C)]. At pH 4.5, the amino groups of positive aliphatic
PUA are protonated and the electrostatic repulsion between the
positive charges obstructs the interaction between aliphatic PUA
and PSS.”>? Therefore, the microcapsule wall would undergo a
transition from a continuous morphology to a nanoporous one
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deriving from the decrease of the electrostatic interaction
between aliphatic PUA and PSS. The porous and unstable struc-
ture at weak acid condition is easy to be damaged upon the
NIR laser irradiation. As a result, relatively rapid DOX release
could be observed from the hollow microcapsules as illustrated
in Figure 6(A).

The in vitro drug release investigation demonstrated that the NIR-
effect at different pH values would produce different thermal-
effect. The obtained hollow PUA/PSS/Au microcapsules exhibited
multiple-responsive (NIR/pH/temperature) release properties.
The microcapsule morphology and the corresponding NIR-
responsive drug release were strongly dependent on the pH value
and temperature of the media. In other words, the multiple stim-
uli were mutually interacted and interdependent. Therefore, the
studied microcapsules have the potential to be used as a novel
smart vehicle for remotely controlled multi-responsive drug
delivery.

Drug Release Kinetics

The kinetics study of drug release could help us to better under-
stand the drug release mechanism, which is very important to
discover the relationship between the micro-morphology and
multiple-responsiveness of the hollow microcapsules. To study
the DOX release kinetics from hollow PUA/PSS/Au micro-
capsules, the DOX release data was fitted using the following
empirical equation’®:

=kt" (1)

Here, M, is the cumulative released mass of DOX at any time
M, is the total amount of the DOX in the microcapsules; k is
release rate constant, and # is the diffusion exponent relating to
the release mechanism. The DOX release kinetics of the micro-
capsules at different conditions was analyzed and the values of
k, n and correlation coefficient (R?) are shown in Supporting
Information Table SI. It could be found that the # values ranged
from 0.130 to 0.513, indicating that the drug release mechanism
was Fickian diffusion or anomalous transport at these experi-
ment conditions.

To accurately analyse the kinetics of DOX release from the hol-
low microcapsules, the n values were further determined from
the slope of the In(M,/M,,) plot versus Int according to eq. (1).
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Supporting Information Figure S4(A) shows the curves of
In(M/M,.) versus Int for PUA/PSS/Au microcapsules at differ-
ent pH values and temperatures. The n values of the microcap-
sules at pH 2.1 and 37°C ranged from 0.659 to 0.308 and
produced a shift from anomalous transport to Fickian diffusion.
It was related to the swelling of microcapsules at pH 2.1. The n
values at pH 4.5 (37°C), pH 7.4 (37°C), and pH 7.4 (55°C)
ranged from 0.998 to 0.312, from 0.893 to 0.321 and from
0.992 to 0.122, respectively, indicating a shift from Case-II
transport to Fickian diffusion. Obviously, Case-II transport is
the controlling mechanism when macromolecular relaxations
predominate during the drug release process.”®*® The possible
reason to this phenomenon is that the swelling/shrink of the
polyelectrolyte multilayers only happened at the early stage of
drug release, and later the DOX release is mainly derived from
the molecular free diffusion.

Supporting Information Figure S4(B) shows the curves of
In(M/M.,.) versus Int for PUA/PSS/Au microcapsules with and
without NIR laser at different pH values. The n values of the
microcapsules with NIR laser at pH 4.5 ranged from 0.112 to
0.496 and produced a shift from Fickian diffusion to anomalous
transport. The possible reason for this phenomenon is that
AuNPs agglomerates have changed light to heat upon NIR laser
irradiation, and the local temperature rise leads to the polymer
relaxation. The n values of the microcapsules with NIR laser at
pH 7.4 ranged from 0.267 to 0.018, indicating that the DOX
release mechanism was Fickian diffusion. In addition, it could
also be found from Supporting Information Figure S3(B) that
the n value of the microcapsules without NIR laser ranged from
0.189 to 0.574, indicating a shift from Fickian diffusion to
anomalous transport, which related to the water transport
mechanism.”® The above analysis results demonstrated that the
DOX release kinetics was significantly affected by release media
for hollow PUA/PSS/Au microcapsules.

CONCLUSIONS

Multiresponsive hollow microcapsules made of aliphatic PUA,
PSS, and AuNPs have been prepared via LbL technique in the
present article. Hollow microcapsules exhibit obvious pH- and
thermal-dependent property for the sake of the shrinkage of
PUA above its LCST and the interaction variation between PUA
and PSS at different pH conditions. The AuNPs aggregates
inside the microcapsules can effectively convert light to heat
upon irradiation with NIR laser and endow the hollow micro-
capsules with distinct NIR-responsiveness. More importantly, we
have discussed the possible interaction mechanism about the
interdependent NIR-, pH-, and thermal-responsive properties of
the hollow microcapsules. The results suggest that the studied
hollow microcapsules can be used as a novel smart microcarrier
for remotely controlled multi-responsive drug delivery.
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