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Multifunctional nanoparticles that can provide long circulation and specific accumulation,
illuminate the targeted object, and intelligently dose the pathological zones will enable major
advancements in diagnosis and therapy. To facilitate a simultaneous tumor-cell imaging and
adequate local delivery to the tumor site, we develop core—shell structured hybrid nanogels
(40—80 nm) composed of a Ag nanoparticle (NP) as core and smart gel of poly(N-isopropylacry-
lamide-co-acrylic acid) as shell. The pH-induced shrinkage of the nanogel increases the UV—vis
absorption intensity and causes a blue shift of the surface plasmon bands of the Ag NP core. The
smart nanogel can overcome cellular barriers to enter the intracellular region and light up the mouse
melanoma B16F10 cells, including the nuclear regions. The surface property and concentrations of
the hybrid nanogels influences their interactions with cells, resulting in different cell morphology and
selective cell staining. The pH-responsive hybrid nanogels exhibit not only a high drug loading
capacity but also a pH-controllable drug releasing behavior. Smart hybrid nanogels with optical and
therapeutic functionality, designed by integration of functional building blocks, offer broad

opportunities for biomedical applications.

1. Introduction

An exciting new trend in bio/nanotechnology is to
develop novel multifunctional nanomaterials that are
capable of combining imaging diagnostics, sensing, and
controlled drug delivery for therapy.'”> Noble metals
such as Ag and Au nanoparticles (NPs) possess
unique optical properties, including surface-enhanced,
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distance-dependent, refractive index-dependent spectro-
scopic properties and antiphotobleaching properties®™ '
and thus have been extensively explored for optical markers
in biodiagnostic imaging. For example, their tunable sur-
face plasmon resonance and large scattering cross sections
have been used for scattering-based imaging,''~'® while
their excellent antiphotobleaching properties have been
applied for fluorescence-based cellular imaging under
strong light illumination.'®'®"?' On the other hand,
noble metal NPs are also being actively explored for drug
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delivery vectors under different surface functiona-
lization.>?® A key attribute of drug delivery systems is
their ability to regulate drug release, minimize side effects,
and improve therapeutic efficacy of conventional phar-
maceuticals.”” Photothermal conversion in noble metal
NPs increases the temperature locally, which can
sensitize targeted cells to cytotoxic agents by increasing
membrane permeability and blood vessel dilation.?®
If the photothermal therapy can be combined with che-
motherapy, a much higher therapeutic efficacy is
expected. However, the development of noble metal
NP-based therapeutic systems with high drug loading
capacity and stimuli-responsive release profile for the
delivery of various generic pharmaceuticals remains a
big challenge. The drug delivery vectors prepared from
monolayer protected metal NPs usually provide low drug
loading capacity,”® 2° although the photoregulated
release can be achieved for photosensitive drugs.”>2°
Sershen et al.?’ have embedded the Au,S/Au NPs in the
surface layer of thermal sensitive hydrogel slabs to
achieve high drug loading capacity and photothermally
modulated drug release. However, the bulky hydrogel
discs are not suitable for drug delivery carriers because
the size of drug carrier particles less than 200 nm is
desirable to increase their circulation time in blood.*
Furthermore, for some applications, the drug carrier
vehicles that can respond to a particular biostimulus such
as pH change are preferred.

To integrate the multifunctions for imaging diagnostics
and controlled drug release into one single system, Park
et al.>! have fabricated polymer—metal multilayer half-
shell particles, in which the Mn and Au nanolayers were
subsequently deposited onto the monolayers of biode-
gradable poly(lactide-co-glycolic acid) (PLGA) nanopar-
ticles (~75 nm) that were spin-casted on a silicon
substrate. In such a case, the metal nanolayers only cover
half of the surface of the spherical PLGA particles to form
a half-shell. While the PLGA particles function as a drug
carrier for a model drug of rhodamine, the magnetic Mn
nanolayer can serve as the contrast agents for magnetic
resonance imaging (MRI) and the Au nanolayer can absorb
the NIR irradiation to convert the light to heat for photo-
thermally controlled drug release, respectively. Since Mn
and Au nanolayers cover the half-shell of the drug-loaded
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Scheme 1. Schematic Illustration of Drug-Loaded Core—Shell
Hybrid Nanogels with the Smart Gel Shell Immobilized on the Ag
NP Core for Integration of Tumor-Cell Imaging and pH-
Triggered Drug Delivery
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PLGA particles, the drug molecules can only be released
through the uncovered half-surface of the PLGA particles.

In this work, we aim to develop a new class of core—
shell structured multifunctional nanomaterials for inte-
gration of cellular imaging and pH-regulated drug deliv-
ery with a high drug loading capacity. Our strategy is
based on the immobilization of a smart gel shell of poly-
(N-isopropylacrylamide-co-acrylic  acid) [p(NIPAM-
co-AA)] onto Ag NPs (see Scheme 1). While the Ag NP
core can act as an optical identification code for tumor-
cell imaging,” the p(NIPAM-co-AA) gel shell can serve
as drug carriers with high loading capacity. The
p(NIPAM-co-AA) gel shell can swell and shrink in
response to pH change, which can not only modify the
physicochemical environment of the embedded Ag NPs
to manipulate the optical properties of the core but also
change the mesh size of the gel shell to regulate the drug
release behavior. pH-responsive microgels/nanogels offer
unique advantages for polymer-based drug delivery sys-
tems: a tunable size, large surface area for bioconjuga-
tion, interior network structure for the incorporation of
therapeutics, low side effects of drugs, and controllable
release at a specific pH environment.** Various pH-
responsive polymer micro/nanogels have been explored
to carry bioactive molecules such as drugs, proteins,
carbohydrates, and DNA for controlled release.?
Whereas photothermal triggered release is used in a
passive way,?”3! pH-responsive release herein involves
an active role of the therapy. Many pathological pro-
cesses in various tissues and organs such as cancer and
cystic fibrosis are accompanied with a local pH decrease
(acidosis). The pH responsive hybrid nanogel particles
acting as drug delivery carriers should possess the ability
to switch on and off for certain functions when necessary
under the local stimuli of the target pathological zone
such as cancer and cystic fibrosis that are associated with
disruptions in acid/base homeostasis.>® We have selected

« Ag NP
Nanogel core
(D 100 nm)
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Table 1. Recipes Used To Prepare Hybrid Nanogels

hybrid St DVB AAPH‘ NIPAM AA BIS AAPH’ pH-induced swelling ratio
nanogels (mmol) (mmol) (mmol) (mmol) (mmol) (mmol) (mmol) yield“ (%) Rh swolten/ Rn shrunken at 22 °C
pStNA1 0.52 0.21 0.02 7.51 0.66 0.39 0.08 ~71 1.93
pStNA2 0.52 0.21 0.02 1.88 0.16 0.10 0.02 ~93 2.67
pNAL 7.51 0.66 0.39 0.08 ~92 1.97
pNA2 1.88 0.16 0.10 0.02 ~97 2.01

@ Used for initiating the polymerization of St and DVB. ® Used for initiating the polymerization of NIPAM, AA, and BIS. ¢ The number yield of

core—shell hybrid nanogels as estimated from TEM observation.

a hydrophobic drug of dipyridamole (DIP) as a model to
demonstrate the pH-triggered release. As expected, the
nanogel shell can provide high loading capacity for such a
generic drug without specific ligand modification. The
resulting Ag-p(NIPAM-co-AA) core—shell hybrid nano-
gel delivery system could uptake DIP as high as 27.2%
(w/w) (comparable to the loading in copolymer
micelles®*) and deliver a high cumulative amount of drug
(20—80%, depending on the pH values). By tailoring the
thickness, composition, and morphology of the nanogel
shell in synthesis, not only the loading and releasing
behavior of drugs can be modulated, but the interactions
between the hybrid nanogels with cells can also be tuned,
resulting in different cellular morphologies and selective
cell staining. Moreover, the immobilization of the hydro-
gel shell on the surface of metal NPs may decrease the
phagocytosis of the metal NPs and allow longer circula-
tion time in blood.* The ability of the roboticized smart
nanogel to provide long-circulation and specific accumu-
lation, illuminate the targeted object, and intelligently
dose the pathological zones will enable major advance-
ments in diagnosis and therapy.

2. Experimental Section

Materials. Uranyl acetate (UO,(CH3;0CO),-2H,0) was pur-
chased from Electron Microscopy Sciences, and all other che-
micals were purchased from Aldrich. NIPAM was recrystallized
from a hexane—acetone (a 1:1 volume ratio) mixture and dried
in vacuum. AA was purified by distillation under reduced
pressure to remove inhibitors. DIP, silver nitrate (AgNO3),
sodium borohydrate (NaBHy), L-ascorbic acid, HCI volumetric
standard (0.1 N solution in water), sodium hydroxide (NaOH),
sodium citrate (Na;CgHsO7 - H,0), styrene (St), divinylbenzene
(DVB), N,N-methylenebisacrylamide (BIS), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH), and cetyltri-
methylammonium bromide (CTAB) were used as received with-
out further purification. The water used in all experiments was
of Millipore Milli-Q grade.

Synthesis of CTAB-Stabilized Ag NPs. Ag NPs were prepared
through a seeded growth method, based on the reduction of
AgNO; with ascorbic acid on CTAB stabilized Ag nanoparticle
seeds. Ag seeds were prepared by dropwise addition of fresh
NaBH, solution (5.3 mM, 0.5 mL) to an aqueous solution of
AgNO; (0.1 mM, 40 mL) in the presence of sodium citrate
(0.1 mM) under vigorous stirring. The resultant solution was
stirred for 1 h and aged for 7 days at ambient condition before
use. The long aging time is necessary for completely degrading
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the reducing powder of NaBH,.*® The growth of Ag NPs was
carried out by addition of L-ascorbic acid solution (6 mL, 0.1 M)
into a mixture of AgNO; (1.8 mM, 170 mL) and CTAB
(19.9 mM) at 22 °C, followed by addition of the yellow seed
solution (30 mL) and NaOH solution (1.0 mL, pH = 13.0) to
adjust pH value. The resultant solution was stirred for 30 min.
The Ag NPs were purified according to the method reported by
Jana®’ to remove the nanorods and nanowires. The spherical Ag
NPs were thus obtained by centrifugation (Thermo Electron Co.
SORVALL RC-6 PLUS superspeed centrifuge) for 20 min at
5000 rpm and 36 °C, at which time the excess CTAB could be
removed.

Synthesis of Smart Core—Shell Hybrid Nanogels with Ag NP
as Core. Two types of hybrid nanogels were prepared according
to the recipes listed in Table 1. In the first type of hybrid
nanogels, the Ag NPs were initially coated with a thin layer
of polystyrene (pSt) and then the copolymer gel layer of
p(NIPAM-co-AA) was subsequently added. The precoating of
pSt was performed as follows: as-prepared CTAB-stabilized Ag
NPs were redispersed in 200 mL of deionized water in a 250 mL
round-bottom flask equipped with a stirrer, a N, gasinlet, and a
condenser. The solution was then heated to 30 °C, followed by
addition of St and DVB under stirring. After 15 min, the
temperature was raised to 70 °C and the polymerization was
initiated by adding AAPH. The polymerization was allowed to
proceed for 2 h. The solution was centrifuged twice at 5000 rpm
(20 min) with the supernatant discarded and the precipitate
redispersed in 60 mL deionized water. The resulting dispersion
of pSt-coated Ag NPs was then purged with N,, followed by
addition of NIPAM, AA, and BIS. The mixture was heated to
70 °C. After 30 min, the polymerization was initiated with the
addition of AAPH. The reaction was allowed to proceed for 4 h.
The obtained hybrid nanogels were purified by centrifugation
(5000 rpm, 20 min) and decantation and then washed with water
three times. The resultant nanogels (60 mL) were further
purified by 5 days of dialysis (Spectra/Por molecularporous
membrane tubing, cutoff 12000—14000, the same below)
against very frequently changed water at room temperature
(~22 °C), and finally stored in a fridge (~3 °C). The obtained
hybrid nanogels are coded as pStNA1 and pStNA2. The same
synthetic and purification procedure was used to synthesize the
second type of hybrid nanogels, in which no precoating of pSt
was performed before adding the p(NIPAM-co-AA) copolymer
gel layer to the surface of the Ag NP core. Only the mixture of
NIPAM, AA, and BIS were used as the comonomers for
polymerizations in the presence of CTAB-stabilized Ag NPs.
The obtained hybrid nanogels are coded as pNA1 and pNA2.

Incorporation of the Hybrid Nanogels into Mouse Melanoma
Cells, B16F10. Round glass coverslips were placed in each
well of a 24-well plate and treated with 0.1% poly(L-lysine) in
100 mM PBS for 40 min. Following the treatment, the solution
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was aspirated and the wells were washed with PBS three times
each. Next, BI6F10 cells (2 x 10* cells/well) were plated on the
glass coverslips at 80% confluence in DMEM containing 10%
FBS and 1% penicillin-streptomycin. On the next day, each
sample was diluted to three concentrations in serum-free
DMEM in the following manner: (i) 50 uL of sample (0.75 ug)
plus 450 uL of serum-free DMEM; (ii) 100 #L of sample (1.5 ug)
plus 400 uL of serum-free DMEM; and (iii) 200 4L of sample
(3 ug) plus 300 uL of serum-free DMEM. Additionally, 500 4L
of serum-free medium was added to a control well. Each of the
six diluted samples in a 500-u¢L. medium was added to a marked
well. The plate was incubated at 37 °C for 2 h. After 2 h, the
medium was aspirated and fresh serum-free DMEM was added
to each well. Finally, the coverslips with cells were removed from
the wells and mounted onto slides with mounting fluid.

Drug Loading into the Hybrid Nanogels. A total of 3 mL of
hybrid nanogels were redispersed in 20 mL of DIP solution (0.5
mg/mL, pH = 2.0). This suspension was stirred in an ice water
bath for 4 h followed by an addition of NaOH solution to adjust
the pH value to 11.0 and a continuous stirring for overnight. The
DIP—nanogel complexes were then removed from the suspen-
sion by centrifugation at 5000 rpm and 22 °C for 30 min and
redispersed in 50 mL of deionized water. The purification of the
DIP-loaded hybrid nanogels was repeated by centrifugation and
washing with deionized water several times. The final pH of the
purified DIP-loaded hybrid nanogels was adjusted to 9.0. All the
supernatant solutions of residual DIP were collected and dis-
solved adequately with 0.1 N HCI to form uniform solution. The
concentration of free DIP was determined by fluorescence
spectrometry at 480 nm with the excitation wavelength of
414 nm, based on the linear calibration curve with R> > 0.99
measured using the DIP solutions with known concentrations
under the same condition. The loading content is expressed as
the mass of loaded DIP drug per unit weight of dried hybrid
nanogels.

In Vitro Drug Release Experiments. The release of DIP from
the hybrid nanogels at 37 °C was evaluated by the dialysis
method. A total of 1 mL of purified DIP-loaded hybrid nanogel
dispersion was placed inside a dialysis bag immersed in 100 mL
of 0.005 M PBS or HCI/PBS solutions of three different pH
values at 7.38, 5.03, and 2.92, respectively. The released DIP
outside of the dialysis bag was sampled at defined time periods
and assayed by fluorescence spectrometry at 480 nm. Cumula-
tive release is expressed as the total percentage of available drug
released through the dialysis membrane over time.

In Vitro Cytotoxicity. BI6F10 cells (2000 cell/well) were
cultured in DMEM containing 10% FBS and 1% penicillin-
streptomycin in a 96-well plate and exposed to free DIP, empty
hybrid nanogels, and DIP-loaded hybrid nanogels. To cover the
high concentrations, the nanogels were concentrated and ad-
justed to an appropriate concentration in DMEM right before
feeding into the well. The plate was incubated at 37 °C for 2 h.
The medium was then aspirated, and these wells were washed
using fresh serum-free DMEM. After that, 25 uL of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg/mL in PBS) were added to the wells. After
incubation for 2 h, the solution was aspirated and 100 uL of
DMSO was added to each well to dissolve the formazan crystal,
and the plate was sealed and incubated overnight at 37 °C with
gentle mixing. Cell viability was measured using a microplate
reader at 570 nm. Positive controls contained no drug or
nanogels, and negative controls contained MTT. Results are
expressed as a percentage of the absorbance of the positive
control.
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Characterization. The FTIR spectra of the dried nanogels
were recorded with a Nicolet Instrument Co. MAGNA-IR
750 Fourier transform infrared spectrometer. The UV—vis
absorption spectra of the hybrid nanogel dispersions at different
pH values were obtained on a Thermo Electron Co. Helios
B UV—vis spectrometer. The PL spectra were obtained on a
JOBIN YVON Co. FluoroMax-3 spectrofluorometer equipped
with a Hamamatsu R928P photomultiplier tube, calibrated
photodiode for excitation reference correction from 200 to
980 nm, and integration time of 1 s. The pH values were
measured on a Mettler Toledo SevenEasy pH meter. TEM
images were taken on a FEI TECNAI transmission electron
microscope at an accelerating voltage of 120 kV. Approximately
10 uL of the diluted hybrid nanogel suspension was air-dried on
a carbon-coated copper grid for the TEM measurements. The
negative staining of the pSt/DVB-coated Ag NPs was performed
as follows: a drop of the colloid was naturally desiccated on the
TEM grid, and then a drop of 2% uranyl acetate in ethanol
solution (prefiltered) was dripped on the copper grid for about
60 s and the extra droplet was removed and the grid dried prior
to TEM observation. The B16F10 cells incubated with the
hybrid nanogels in different concentrations and structures were
respectively mounted on a clean slide, and imaged using a
confocal laser scanning microscopy (LEICA TCS SP2 AOBS)
equipped with a HC PL APO CS 20 x 0.7 dry lens. A UV
(405 nm) light was used as the light source.

Dynamic light scattering (DLS) was performed on a standard
laser light scattering spectrometer (BI-200SM) equipped with a
BI-9000 AT digital time correlator (Brookhaven Instruments,
Inc.). A He—Ne laser (35 mW, 633 nm) was used as the light
source. All hybrid nanogel suspensions were passed through
Millipore Millex-HYV filters with a pore size of 0.80 um to remove
dust before the DLS measurements. In DLS, the Laplace inver-
sion of each measured intensity—intensity time correlated func-
tion can result in a characteristic line width distribution G(I).*®
For a purely diffusive relaxation, I is related to the translational
diffusion coefficient D by (l"/qz)cﬁoxpo = D, where g = (4mtn/A)
sin(6/2) with n, A, and 0 being the solvent refractive index, the
wavelength of the incident light in vacuo, and the scattering
angle, respectively. G(I') can be further converted to a hydro-
dynamic radius (Ry},) distribution by using the Stokes—Einstein
equation, Ry, = (kBT/6my)D_1, where T, kg, and 5 are the abso-
lute temperature, the Boltzmann constant, and the solvent
viscosity, respectively.

3. Results and Discussion

Synthesis of Hybrid Nanogels. The strategy to prepare
the multifunctional hybrid nanogels with a copolymer
hydrogel as shell and Ag NPs as the core involves first the
synthesis of Ag NPs, followed by immobilization of an
external stimuli-responsive hydrogel shell on the Ag NPs
templates. The size of spherical Ag NPs synthesized with a
seed-mediated growth method can be easily controlled by
using a dilute CTAB solution at CTAB/Ag = 11.%° The
surfactant CTAB could assemble to form a bilayer at the
surface of Ag nanocrystals.*®* The first monolayer binds
with the ionic head groups pointed down toward the
surface of Ag, and adsorption in this orientation is driven
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Figure 1. TEM images of (A) Ag NPs and (B) pSt-coated Ag NPs.

by the presence of chemisorbed bromide ions. The ex-
posure of the alkyl chains to the aqueous solvent is
energetically unfavorable, resulting in the adsorption of
a second surfactant layer with the CTAB’s head groups
facing toward the water. In turn, the bilayer would
provide additional stabilization and growth inhibition
for Ag NPs. The Ag NPs are positively charged due to
the coverage of a bilayer of the cationic surfactant
CTAB.? Figure 1A shows the TEM image of spherical
Ag NPs with an average diameter of 36 + 3 nm. We have
synthesized two groups of hybrid nanogels according to
the recipes listed in Table 1. In one group of hybrid
nanogels, the Ag NPs were precoated with a thin layer
of polystyrene (pSt) cross-linked with DVB. A small
amount of the St/DVB mixture was added to the Ag NP
colloids stabilized with a CTAB bilayer adsorbed on the
surface of Ag. The nearly water insoluble St and DVB
monomers could only enter into the hydrophobic alkyl
chain regions of the CTAB bilayer micelles. The in situ
free radical polymerization and cross-linking of the St
monomers with DVB resulted in a coverage of Ag NPs
with a very thin layer of pSt chain network capped with
CTAB molecules.” Figure 1B shows a negative staining
TEM image of the pSt-coated Ag NPs. The thin pSt shell
can be observed as a white halo around each particle. The
pSt shell provides the surface of the Ag NPs with non-
polymerized vinyl groups that are excellent anchor points
for the subsequent copolymerization of NIPAM’ and
AA* in the presence of BIS as a cross-linker. The result-
ing hybrid nanogels with p(St-NIPAM-co-AA) as shell
are coded as pStNAT1 and pStNA2. In another group of
hybrid nanogels, the nonmodified CTAB-capped Ag NPs
were directly used for the free radical precipitation copo-
lymerization of NIPAM and AA using BIS as a cross-
linker. The resulting hybrid nanogels with p(NIPAM-
co-AA) as shell are coded as pNAI and pNA2. The
synthesis of thermo-sensitive p(NIPAM-AA) microgels
has been well established using the precipitation polym-
erization method. The p(NIPAM-AA) copolymer with
5—10mol % AA has a lower critical solution temperature
(LCST) below 50 °C under acidic condition.*® Although
the NIPAM and AA monomers are soluble in water, their
copolymer of p(NIPAM-AA) chains have compact con-
formation and are water insoluble at temperatures above
its LCST. In our synthetic process, the NIPAM, AA, and

(40) Kratz., K.; Hellweg, T.; Eimer, W. Colloids Surf., 42000, 170, 137.
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Figure 2. TEM images of hybrid nanogels: (A) pStNA1, (B) pStNA2, (C)
pNAL, and (D) pNA2.

BIS monomers were uniformly dissolved in the water
dispersion phase of Ag NP colloids stabilized with a
CTAB bilayer. After the copolymerization was initiated
at the reaction temperature of 70 °C, the hydrophobic
p(NIPAM-AA) fragments formed at the early stage of
reaction would nucleate and precipitate into the hydro-
phobic alkyl chain regions of the CTAB bilayer capping
on the Ag NPs. While the copolymerization reaction
proceeded, more p(NIPAM-AA) fragments were added
onto theinitially formed hydrophobic gel layer, leading to
a continuous growth in size of the gel shell until the
polymerization reaction was completed. The hybrid na-
nogel particles formed at 70 °C with Ag NP as core and
p(NIPAM-AA) gel as shell were well dispersed in water as
a result of the protection of CTAB layer. After being
cooled down (below the LCST of gel shell), the
p(NIPAM-AA) nanogel shell became hydrophilic, and
CTAB was removed through the centrifugation, decan-
tation, and dialysis.

Figure 2A,B shows the TEM images of the pStNA1 and
pStNA2 hybrid nanogels with a clear core—shell structure
having the Ag NP in the core and the p(St-NIPAM-co-
AA) hydrogel uniformly coated on the Ag NP as shell.
Two features should be noted. One is that the hydrogel
shell in the pStNA1 sample is much thicker than that in
the pStNA2 sample. Although the Ag NPs could offer
enough contrast for imaging of the relative thin polymer
layer due to their strong plasmon-enhanced absorption
and high light-scattering ability,*' a low contrast was
observed on the polymer layer of pStNA1 and the core—
shell structure is not so clear as the other types of
nanogels, possibly due to the attenuated effect of Ag
NPs across the thick polymer layer. Another is that small
amount of free p(NIPAM-co-AA) copolymer gels
(~30%) are presented in pStNA1 sample. As shown in
Table 1, the ratio of commoners/Ag NPs in the feeding for
synthesis of pStNAT1 is four times higher than that for
synthesis of pStNA2. These results indicated that the
hydrogel shell thickness and the yield of Ag core—gel
shell structured hybrid nanogels could be controlled

(41) Xu, C.; Xie, J.; Ho, D.; Wang, C.; Kohler, N.; Walsh, E. G.;
Morgan, J. R.; Chin, Y. E.; Sun, S. Angew. Chem., Int. Ed. 2008, 47,
173.
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through the suitable selection of the monomers/Ag NPs
feeding ratio in the synthesis. As observed in the pStNA2
sample, it is possible to minimize the formation of free
polymer nanospheres and reduce the thickness of the
hydrogel shell down to tens of nanometers at a low ratio
of comonomers/Ag NPs. It should be mentioned that the
number yield of the core—shell structured hybrid nano-
gels was determined from the counting method based on
TEM observation. Three TEM images at different sample
locations were taken for each type of hybrid nanogel. The
average percentage of the Ag core—gel shell structured
hybrid nanogels versus the total nanogels (containing
both Ag core—gel shell structured and free polymer
nanogels) was estimated. Figure 2C,D shows the TEM
images of the pNA1 and pNA2 hybrid nanogels. Without
the precoating of cross-linked hydrophobic pSt on the Ag
NPs, the visor-like p(NIPAM-co-AA) copolymer gel shell
covered asymmetrically on the Ag NP core in both pNA1
and pNA2 hybrid nanogels. In such morphology, part of
the surface of the Ag NP core may only be covered with a
very thin hydrogel layer. Similar asymmetric morphology
was also observed in the Au-pSt hybrid colloidal particles
synthesized from the precipitation polymerization of St in
the presence of Au colloids.*’ Interestingly, the sizes
of both pNAIl and pNA2 hybrid nanogels are small
(e.g., below 100 nm), although the size of pNAT is larger
than that of pNA2 due to the higher feeding ratio of
comonomers/Ag NPs for synthesis of pNAT. It should be
noted that the size of colloidal drug carriers is very
important to their fate in blood circulation since the
recognition by the reticuloendothelial system (RES) is
known to be the principal reason for the removal of many
colloidal drug carriers from the blood compartment. The
sub-200 nm size is desirable for colloidal drug carrier
particles to extend their blood circulation time.*® The size
of the hybrid nanogels of pStNA2, pNAI, and pNA2
(Figure 2B—D) presented in this study is small enough to
reasonably assume that they have high extravasation
efficiency regardless of the cell type and conditions.
Volume Phase Transitions of Hybrid Nanogels. It is
noteworthy that AA is a pH-responsive moiety, and the
pH value of the dispersion medium can significantly
influence the size of the hybrid nanogels. Figure 3 shows
the pH-induced volume phase transitions of the hybrid
nanogels, in terms of the change of hydrodynamic radius
(Ry) measured at a scattering angle § = 60° and tempera-
tures of 22.1 °C (A) and 37.2 °C (B), respectively. A well-
defined volume phase transition is observed for all the
core—shell hybrid nanogels. When the pH was over the
pK, (=4.2) of AA, the AA groups were gradually depro-
tonated. The Coulombic repulsion among the ionized
carboxylate groups increased the osmotic pressure, re-
sulting in the gradual increase in the size of the gel layer
until all AA groups were deprotonated at pH > 5.5, where
the hybrid nanogels reached a maximum swelling ratio
(see Table 1). The size of the hybrid nanogels at 37.2 °C is

(42) Ohnuma, A.; Cho, E. C.; Camargo, P. H. C.; Au, L.; Ohtani, B.;
Xia, Y. J. Am. Chem. Soc. 2009, 131, 1352.
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Figure 3. pH dependence of the average R;, values of different hybrid
nanogels at a scattering angle 6 = 60° and temperatures of (A) 22.1 °C
and (B) 37.2 °C, respectively.

smaller than that at 22.1 °C due to the shrinkage of
thermosensitive pNIPAM chain segments. It should be
mentioned that the obtained hybrid nanogels are very
stable. The volume phase transition curves of the hybrid
nanogels were measured for three cycles with dialysis/pH
adjustment, and all are reproducible and reversible.
Since the measured curves are similar to that of a bare
p(NIPAM-co-AA) microgel,*™* we can say that the
presence of a metal core or pSt layer does not significantly
affect the swelling behavior of the p(NIPAM-co-AA) gel
shell. The pH-induced swelling/deswelling of the nanogel
shell allows us not only to change the local surface
environments of embedded Ag NPs to induce a pH-
sensitive optical property but also to change the interac-
tion degree between the drug and the gel network chains
to control the drug release. Therefore, the core—shell
hybrid nanogels presented in this work could offer two
main advantages for the potential biomedical applica-
tions. The small size of hybrid nanogels with Ag NP
core allows the deep penetration into cell/tissue such as
poorly permeable tumors for labels and therapy,
while the pH-responsive hydrogel shell can serve as
excellent drug carriers with a pH-controllable drug
releasing behavior.

(43) Wu, W.; Zhou, T.; Zhou, S. Chem. Mater. 2009, 21, 2851.
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Figure 4. Effect of pH on the UV—vis absorption spectra of the four hybrid nanogels measured at room temperature.

pH-Sensitive UV—Vis Absorption Property of Hybrid
Nanogels. Figure 4 shows the UV —vis absorption spectra
of the four hybrid nanogels dispersed in aqueous solu-
tions of different pH values. The Ag NPs (~36 nm) in the
core of hybrid nanogels primarily absorb blue light,
leaving the red and green light combined to give the disper-
sions a yellow color. The spectra showed two resonance
peaks: the main dipole resonance peak at 400—460 nm, and
a weak quadrupole resonance at 370 nm.** The dipole
resonance arises from one side of the particle surface
being positively charged and the opposite side being
negatively charged, giving the particle itself a dipole
moment that reverses sign at the same frequency as the
incident light. The weak quadrupole resonance, charac-
terized by two parallel dipoles of opposite sign, was
induced by the energy losses that make the incident light
nonuniform across the particle. Surface polarization is
the most important factor in determining the frequency
and intensity of plasmon resonance for a given metal
because it provides the main restoring force for electron
oscillation. On the other hand, the variation in the
refractive index of the medium surrounding the particles
could also change the position and intensity of the
resonance peaks. For example, the thickness of the silica
shell could change the surface plasmon resonance condi-
tion of the embedded Au NPs due to the corresponding
changes in the local refractive index.*>*¢ In our hybrid
nanogels, the refractive index of the polymer gel shell is

(44) Wiley, B. J.; Im, S. H.; Li, Z.; McLellan, J.; Siekkinen, A.; Xia,
Y. N. J. Phys. Chem. B 2006, 110, 15666.

(45) Liz-Marzéan, L. M.; Giersig, M.; Mulvaney, P. Langmuir 1996, 12,
4329.

(46) Mulvaney, P. Langmuir 1996, 12, 788.

different from that of both the water and Ag core. The
variation of pH values in the dispersion medium can swell
or deswell the polymer gel shell, inducing a local refractive
index change on the surface of the Ag NP core, which can
further cause a change in the surface plasmon resonance
of Ag NPs. As shown in Figure 4, when pH was decreased
from ~8.5 (gel shell swollen) to 2.5 (gel shell collapsed) at
room temperature, an increase in absorption intensity
and a blue shift of the surface plasmon bands were
observed for all the four hybrid nanogels. The enhance-
ment of the surface plasmon band in the hybrid nanogels
is likely attributed to the increase in the refractive index of
the collapsed nanogel shell, which results in an increase of
the Rayleigh scattering as previously reported and pre-
dicted by Mie theory.*>*® The pH-induced blue shift of
the resonance peaks could be attributed to many specific
surface effects,*® such as the solvent refractive index, the
local refractive index surrounding the Ag NPs, and
electron transfer.

Cellular Imaging. The fluorescence from noble metal
NPs originates from radiative recombination of sp-band
electrons and d-band holes, which could be enhanced by
4—6 orders of magnitude due to the surface plasmons of
nanocrystals or rough metal surfaces.'®?%?"*7 Scajano
et al.*® believed that the emission of Ag NPs are due to a
small Ag cluster, predominantly Ag, supported by the
readily detectable nanoparticles. Ag NPs of 28 £+ 9 nm
have shown strong fluorescence for cellular imaging.>*® In
our hybrid nanogels, the Ag NPs are coated with a smart

(47) Boyd, G. T.; Yu, Z. H.; Shen, Y. R. Phys. Rev. B 1986, 33, 7923.
(48) Maretti, L.; Billone, P. S.; Liu, Y.; Scaiano, J. C. J. Am. Chem. Soc.
2009, /31, 13972.
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hydrogel layer. To examine whether the luminescence
properties of the Ag NP cores are preserved after being
coated with the gel layer, confocal microscopy was used
to take the luminescence images of the pStNA2, pNAI,
and pNA2 hybrid nanogels dispersed on glass slides.
Strong fluorescence was observed upon excitation with
a UV laser of 405 nm or a blue laser of 488 nm using
appropriate filter systems. After confirming the strong
fluorescence, mouse melanoma cells BI6F10 were incu-
bated with the hybrid nanogels for observations of bind-
ing and morphological changes of the cancer cells.
Figure 5 shows the typical scanning confocal micro-
scopy images of the BI6F10 cells after being incubated
with the pStNA2, pNAI, and pNA2 hybrid nanogels
under three different concentrations of 1.5, 3.0, and
6.0 ug/mL, respectively. Controlled experiments were
also carried out to make sure there was no significant
autofluorescence from pristine cells under similar condi-
tions. The smart nanogel can overcome cellular barriers
to enter the intracellular region and light up the cells and
even the nuclear regions. As the complexity of molecular
interactions governing endocytosis are revealed, the me-
chanisms of endocytosis should be viewed in a broader
context than simple vesicular trafficking.®® Recently, the
surface-structure-regulated cell-membrane penetration
by monolayer-protected Au NPs has been reported.®
While the NPs coated with subnanometer striations of
alternating anionic and hydrophobic groups could pene-
trate the plasma membrane without bilayer disruption,
the NPs coated with the same moieties but in a random
distribution were mostly trapped in endosomes. The
direct cell membrane penetration mechanism without
overt bilayer disruption was also found for synthetic
amphiphilic phospholipid polymers.* In our systems,
although the entrance mechanism of the hybrid nanogels
into the cells is not clear, the surface properties of the
hybrid nanogels should play a critical role in determining
the outcome of their interactions with cells.® It is possible
that the hybrid nanogel particles with both negatively
charged carboxylate groups and hydrophobic polymer
segments can penetrate the cell membrane without overt
bilayer disruption. For pStNA2 hybrid nanogels, the
p(St-NIPAM-co-AA) gel layer uniformly covers the core
of the Ag NP. While the hydrophobic sites such as the
backbone or grafted hydrocarbon chain segments in the
gel could demonstrate a strong hydrophobic interaction
with the hydrophobic cell membrane, including lipids and
many proteins that aggregate at the plasma membrane,
the negatively charged carboxylate groups in the gel shell
would interact with the basic proteins that exist as
positively charged moieties in the cytoplasm. Therefore,
the pStNA2 hybrid nanogels could stain whole cell homo-
geneously and maintain the elongated cellular morphol-
ogy with a green tint characteristic of illumination in the
entire concentration range studied of 1.5—6 ug/mL. To
identify the distribution of the pStNA2 hybrid nanogels
in the cells, we have measured the transmission image and
z-scan images from top to bottom for the selected sample
area. Figure 6 shows the transmission image and z-scan
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Figure 5. Scanning confocal images of B16F10 cells incubated with
hybrid nanogels of pStNA2 (left), pNA1 (center), and pNA2 (right) at
concentrations of (A) 1.5 ug/mL, (B) 3.0 ug/mL, and (C) 6.0 ug/mL,
respectively. Excitation laser wavelength = 405 nm.

images of the B16F10 cells after being incubated with
pStNA2 hybrid nanogels at 1.5 ug/mL. The transmission
image shows that the hybrid nanogels with Ag NP as core
are uniformly distributed in whole cells. The top-to-
bottom z-scan images also indicate that the fluorescent
hybrid nanogels are homogeneously distributed through-
out the whole cell volume. However, for pNA1 and pNA2
hybrid nanogels, the elongated cellular morphology with
fluorescence uniformly distributed in the whole cell was
only observed at low concentration. When the concentra-
tion isincreased to 6 ug/mL for pNA1 and 3—6 ug/mL for
pNA2 hybrid nanogels, a more condensed and round
shaped cellular morphology with a nonuniform distribu-
tion of the nanogel-associated fluorescence was observed.
We speculate that the pNA1 and pNA2 hybrid nanogels
may aggregate at relatively high concentrations after they
interact with certain specific proteins in cells. As shown in
Figure 2, the p(NIPAM-co-AA) gel layer is asymmetri-
cally attached on the surface of Ag NP core in pNA1 and
pNAZ2 (without the precoating of hydrophobic pSt). It is
possible that part of the surface of the Ag NP core is only
covered with very thin gel layer or even direct exposure to
the cell, especially for the pNA2 sample with the total gel
layer being designed very thin. The nonuniform poly-
meric gel coating with potential exposure of the metal
surface in the pNA1 and pNA2 hybrid nanogels may
provide additional charges from the Ag core surface to
interact with certain specific proteins of the cytoplasm. At
high concentrations of such structured hybrid nanogels,
the hybrid nanogel—protein complexes may aggregate
and induce a phase separation, resulting in nonuniform
distribution of the hybrid nanogels in cells and more
condensed and round morphology (see Supporting In-
formation for transmission images, Figure S1). These
results indicate that the structure and concentration of
the core—shell hybrid nanogels could significantly affect
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Figure 6. (A) Scanning confocal fluorescence (left), transmission
(center), and overlaid images (right) of BI6F10 cells incubated with
hybrid nanogels of pStINA2 at a concentration of 1.5 ug/mL. (B) Cross-
sectional Z-scan of a selected sample area (top to bottom). Excitation laser
wavelength = 405 nm.

the cellular morphology due to the different interaction
degrees between the nanogel and the cells. The round
morphology at the high concentrations of the hybrid
nanogel (3—6 ug/mL) should not be due to the unhealthy
cells (see cytotoxicity in Figure 8). Similar morphology
has also been observed on the B16F10 cells stained with
other materials.*” The discrete cellular morphologies at
different structures and concentrations of the hybrid
nanogels could potentially provide a handle to study the
intracellular translocation processes. To the best of our
knowledge, this is the first demonstration of core—shell
hybrid nanogels with Ag NP as the core for cellular
imaging. The coating of the gel layer on the Ag NPs
and potential subsequent surface chemistry changes may
not only increase the biocompatibility of Ag NPs but also
provide cellular targeting ability.

Controlled Drug Release from Hybrid Nanogels. In
addition to the function for cellular imaging, we expect
that the pH-responsive hybrid nanogels should also
provide another important function as drug delivery
vehicles benefited from the stable network structure
under different conditions. DIP, a known platelet inhi-
bitor, coronary vasodilator,” and a coactivator of anti-
tumor compounds,”’ was chosen as the model drug to
study the loading and releasing behavior of the hybrid
nanogels. As a water—poorly soluble weak base (pK, ~
6.4), DIP dissolves readily in acidic solution but incom-
pletely in basic solution. In a blank experiment, DIP
dissolved very well and formed a transparent yellow

(49) (a) Sahoo, A.; Jung, Y. M.; Kwon, H.; Yi, H.; Lee, S.; Chang, S.;
Park, Z.; Hwang, K.; Im, S. J. Biol. Chem. 2008, 283,28860. (b) Wu,
W.; Aiello, M.; Zhou, T.; Berliner, A.; Banerjee, P.; Zhou, S. Biomaterials
2010, doi: 10.1016/j.biomaterials.2010.01.011.

(50) Marchandt, E.; Prichard, A. D.; Casanegra, P.; Lindsay, L. Am. J.
Cardiol. 1984, 53, 718.

(51) (a)Shalinsky, D. R.; Jekunen, A. P.; Alcaraz, J. E.; Christen, R. D.;
Kim, S.; Khatibi, S.; Howell, S. B. Br. J. Cancer 1993, 67(1), 30.
(b) Hejna, M.; Raderer, M.; Zielinski, C. C. J. Natl. Cancer Inst. 1999,
91,22.
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Figure 7. Releasing profiles of DIP from the pStNA2 (M), pNA1 (@), and
PNAZ2 (2) hybrid nanogels in PBS solutions of different pH values at
37 °C. In the blank release (<), 1 mL of 0.032 mg/mL DIP solution
without nanogels was released to 100 mL of PBS buffer at pH = 2.92.

solution in an acidic solution of pH = 2.0. As the pH
was raised to above pK, (c.g., pH = 11.0), the DIP
precipitated immediately as fine particles and made the
solution cloudy yellow. In the presence of hybrid nano-
gels, the hybrid nanogel—DIP complex solution was
somewhat translucent at pH = 11.0, but no evident
precipitate was observed. The swollen p(NIPAM-co-
AA) gel layer under the basic conditions can provide a
large mesh size to trap the insoluble DIP drug in either a
molecular or a nanocrystalline state through the hydro-
phobic interactions between the hydrophobic sites of DIP
and polymer chains as well as the hydrogen bonding
interactions between the hydroxyl groups on DIP and
the amide groups on polymer chains, which can resultin a
high drug loading capacity. The yields of DIP loaded into
the hybrid nanogels were determined to be 19.3, 27.2, and
11.3% (w/w) for pStNA2, pNAI, and pNA2, respec-
tively, which is comparable to the loading capacity of
copolymer micelles.** The pNA 1 hybrid nanogels possess
a much thicker polymeric gel layer coated on the Ag NP
core than the pNA2, so the pNA2 sample can load much
more of the DIP drug. For pStNA2 sample, although the
coated hydrogel layer is very thin (same amount of
feeding as pNAZ2), the hydrophobic inner PS layer can
provide additional hydrophobic domains to uptake the
hydrophobic DIP molecules or nanocrystallines. There-
fore, the pStNA2 sample can load more DIP drug com-
pared to the pNA2 sample. It should be mentioned that
the confocal microscopy images of the DIP-loaded nano-
gels still demonstrate a strong fluorescence.

Figure 7 shows the cumulative release profiles of DIP
from the pStNA2, pNAI, and pNA2 hybrid nanogels into
buffer solutions measured by a conventional dialysis bag
method at a physiological temperature of 37 °C and
different pH values, respectively. A blank release experi-
ment from the free DIP solution with the equivalent
amount of drug (0.032 mg/mL) to that trapped in the
pNA2 hybrid nanogels was performed at pH 2.92 for
comparison. Clearly, the DIP release from the free DIP
solution is much faster than from the hybrid nanogels.
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Figure 8. (A) In vitro cytotoxicity of empty pStNA2, pNA1, and pNA2
hybrid nanogels and DIP-loaded pStNA2, pNAI, and pNA2 hybrid
nanogels against BI6F10 cells. The control experiment on the Ag seed
NPs and free DIP solution (B) was presented for comparison. The
concentrations of DIP used for the control study are equal to DIP loaded
in the interior of the pNA2 hybrid nanogels correspondingly.

In the absence of hybrid nanogels, 82% of the total DIP
loaded into the dialysis bag was burst released in the first
hour, which indicates that the DIP molecules can perme-
ate through the dialysis membrane easily. In contrast, it
takes a much longer time to release the same amount of
DIP from the hybrid nanogels. Even for the pNA2 sample
with thinnest gel layer and fastest releasing rate, it needs
about 6 h to release 80% of the total loaded DIP. This
retardation indicates that the DIP drug trapped in the
networks of hybrid nanogels were released in a controlled
manner.

Two features should be noted from the controlled
release of DIP from the hybrid nanogels. First, the pH
of external buffer solution can trigger the DIP releasing
rate. The decrease in pH increases the DIP releasing rate
from all the hybrid nanogels. When the drug-loaded
hybrid nanogels were placed in a pH 7.38 buffer, only
~20% of the loaded DIP could be released even after 10 h.
When the pH of the external buffer solution was de-
creased to 5.03, about 35—40% of the loaded DIP could
be released within 10 h. When the pH was further
decreased to 2.92, about 75—85% of the loaded DIP
could be released in 10 h. We think that both the pH-
sensitive solubility of DIP drug and the pH-sensitive
swelling degree of the p(NIPAM-co-AA) gel layer are
important to induce the pH-controllable drug release. On
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the one hand, the decrease in pH (e.g., <5.0) greatly
increases the solubility of DIP. On the other hand, the
decrease in pH (e.g., < 4.0) induces the collapse of the
p(NIPAM-co-AA) gels due to the protonated carboxylic
groups in AA units. The shrinkage of the gel network can
expel the soluble guest DIP molecules, thus significantly
improving the releasing rate of the DIP drug. Second, the
tailoring of the shell thickness and structure of the hybrid
nanogels can also modify the DIP releasing profiles to a
certain extent. The thicker the gel shell, the slower the DIP
releasing rate. For example, pNA1 hybrid nanogels have
the same morphology and composition but a thicker gel
shell in comparison with pNAZ2, resulting in a slower DIP
releasing rate due to the longer restricted diffusion path in
the thick gel shells. For pStNA2 hybrid nanogels, the Ag
NP core was precoated with a thin hydrophobic pSt layer
before adding the same amount of p(NIPAM-co-AA) gel
layer as in the pNA2 sample. The additional inner pSt
layer in the nanogel shell not only increases the DIP
loading capacity but also slows down the DIP releasing
rate. More interestingly, the pStNA2 hybrid nanogels
with double polymer layers in the shell exhibited a clear
two-stage release at acidic pH values, while pNA1 and
pNA2 hybrid nanogels with p(NIPAM-co-AA) gel only
as the shell demonstrated only a single stage release
kinetics. For example, the pStNA2 nanogels undergo a
large degree of release in the first 200 min, followed by a
second burst with a smaller degree of release starting at
around 450 min at pH = 5.03, and 300 min at pH = 2.92,
respectively. The mechanism of the two-stage release
kinetics is not quite clear. We believe that the shell
structure with double layers of different polymer compo-
sitions is responsible for the two-stage releasing behavior.
In the pStNA2 hybrid nanogels, the shell coated on the
Ag NP core is composed of a relatively hydrophobic pSt
inner layer and a relatively hydrophilic p(NIPAM-co-
AA) hydrogel periphery. It is possible that only after the
DIP incorporated in the peripheral p(NIPAM-co-AA)
layer was released to certain degree, the DIP solubilized in
the endothelial pSt layer could diffuse out through the
p(NIPAM-co-AA) gel periphery to be released. It should
be noted that no two-stage release kinetics was observed
from the same pStNA2 nanogels at pH = 7.38 in our
experimental time window, which may be due to the
insufficient releasing of DIP in the peripheral p-
(NIPAM-co-AA) layer for DIP trapped in the inner pSt
layer to diffuse out. We therefore present a series of novel
hybrid nanogels for not only the pH-triggered drug
release but also the tunable gradient release through the
tailoring of the nanogel shell composition and structure
coated on the surface of the Ag NP core. Although DIP
was used as a drug model in the present study, it is
expected that the pH-responsive hybrid nanogel system
can be applied to other hydrophilic or hydrophobic drugs
that do not exhibit a pH-dependent solubility because the
variation in pH will not change the overall release
mechanism of drugs trapped in the gel networks (see
Supporting Information SI2 and Figure S2).
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In Vitro Cytotoxicity. For future biological applica-
tions, materials should be non- or low-cytotoxic. As
shown in Figures 5 and 6, no signs of morphological
damage to the cells were observed upon treatment with
hybrid nanogels, thereby demonstrating their minimal
cytotoxicity. To further evaluate the cytotoxicity of the
hybrid nanogels, in vitro cytotoxicity tests were elabo-
rately conducted against BI6F10 cells. The potential
cytotoxicity of the free Ag NPs with the corresponding
concentrations was also addressed. As shown in Figure 8,
the empty hybrid nanogels and free Ag NPs were non- or
low-cytotoxic to BI6F 10 cells in concentrations of up to 6
ug/mL. These results confirm that the discrete cellular
distribution of hybrid nanogels shown in Figure 5 could
be due to their intracellular translocation processes,
rather than the toxicity. Surprisingly, the cell viability
drastically decreased when the cells were incubated with
DIP-loaded hybrid nanogels even at a concentration as
low as 1.5 ug/mL (equivalent to about 0.17 ug/mL free
DIP). The cytotoxicity of DIP-loaded hybrid nanogels is
higher than that of free hybrid nanogels in all the studied
concentrations. DIP is a known coactivator of antitumor
compounds, and the formation of metastatic tumors
could be inhibited by such inhibitors of platelet aggrega-
tion.”! Despite of these encouraging preliminary results
and a compelling biochemical rationale, we cannot con-
clude weather the DIP-loaded hybrid nanogels would be
pharmacologically active for cancer treatment because
very limited information exists on the clinical use of
anticoagulants for the prevention or treatment of can-
cer.’'® Nevertheless, the increase in cytotoxicity in the
presence of DIP-loaded hybrid nanogels can be attributed
to the cellular uptake of DIP-loaded hybrid nanogels and
possibly their sustained-release property.

4. Conclusions

Core—shell structured hybrid nanogels composed of
Ag NP as core and pH-responsive copolymer gel of
p(NIPAM-co-AA) as shell with different shell thickness
and structure can be successfully synthesized from the
precipitation polymerization of NIPAM and AA onto the
colloidal Ag NPs. While the pSt precoated Ag NPs
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produce a uniform coverage of the polymer gel shell,
the nonmodified CTAB-capped Ag NPs produce an
asymmetric coverage of the polymer gel shell. The gel
shell thickness can be controlled through the feeding ratio
of comonomer/Ag NP. The decrease in pH can induce an
increase in absorption intensity and a blue shift of the
surface plasmon bands of the Ag NP due to the refractive
index change surrounding the Ag NP core when the gel
shell shrinks. The smart nanogel can overcome cellular
barriers to enter the intracellular region and light up the
mouse melanoma B16F10 cells and even the nuclear
regions. While the network structure of the gel shell can
provide high loading capacity for a generic hydrophobic
DIP drug, the pH-responsive swelling degree of the gel
shell can trigger the drug release and thereby may enhance
the therapeutic efficacy of the drugs under the local
stimuli of the target pathological zone such as cancer
and cystic fibrosis that are associated with disruptions in
acid/base homeostasis. The thickness, composition, and
structure of the nanogel shell can not only modulate the
drug loading and releasing behavior but also tune the
interactions between the hybrid nanogels with cells, re-
sulting in different cellular morphologies and selective cell
staining. Furthermore, the surface carboxyl groups on the
hybrid nanogels can be potentially used for further
bioconjugation for targeting function. Such a novel type
of multifunctional core—shell structured hybrid nanogel
materials may find important biomedical applications.
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