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ABSTRACT: In situ forming reduction-sensitive degradable nano-
gels were designed and developed based on poly(ethylene glycol)-b-
poly(2-(hydroxyethyl) methacrylate-co-acryloyl carbonate) (PEG-
P(HEMA-co-AC)) block copolymers for efficient loading as well as
triggered intracellular release of proteins. PEG-P(HEMA-co-AC)
copolymers were prepared with controlled Mn of 9.1, 9.5, and 9.9
kg/mol and varying numbers of AC units per molecule of 7, 9 and
11, respectively (denoted as copolymer 1, 2, and 3) by reversible
addition−fragmentation chain transfer copolymerization. These
copolymers were freely soluble in phosphate buffer but formed disulfide-cross-linked nanogels with defined sizes ranging
from 72.5 to 124.1 nm in the presence of cystamine via ring-opening reaction with cyclic carbonate groups. The sizes of nanogels
decreased with increasing AC units as a result of increased cross-linking density. Dynamic light scattering studies showed that
these nanogels though stable at physiological conditions were rapidly dissociated in response to 10 mM dithiothreitol (DTT).
Interestingly, FITC-labeled cytochrome C (FITC−CC) could be readily loaded into nanogels with remarkable loading
efficiencies (up to 98.2%) and loading contents (up to 48.2 wt.%). The in vitro release studies showed that release of FITC−CC
was minimal under physiological conditions but significantly enhanced under reductive conditions in the presence of 10 mM
DTT with about 96.8% of FITC−CC released in 22 h from nanogel 1. In contrast, protein release from 1,4-butanediamine cross-
linked nanogels (reduction-insensitive control) remained low under otherwise the same conditions. MTT assays showed that
these nanogels were nontoxic to HeLa cells up to a tested concentration of 2 mg/mL. Confocal microscopy results showed that
nanogel 1 delivered and released FITC−CC into the perinuclei region of HeLa cells following 8 h incubation. CC-loaded
reductively degradable nanogels demonstrated apparently better apoptotic activity than free CC as well as reduction-insensitive
controls. These in situ forming, surfactant and oil-free, and reduction-sensitive degradable nanogels are highly promising for
targeted protein therapy.

■ INTRODUCTION

In the past decades, protein drugs have emerged as effective
treatments for severe human diseases, including cancer.1−3 As
compared to chemotherapeutics, protein drugs have merits of
high specificity, high therapeutic activity, and low cytotoxicity.
The clinical applications of protein drugs, however, encounter
several challenges such as swift degradation in vivo, possible
immune responses, inferior cellular uptake, and poor intra-
cellular trafficking.4 The clinical success of protein therapy,
therefore, relies on the development of safe and efficient
delivery systems.
In recent years, various types of polymeric nanocarriers

including polyion complex micelles,5−7 polymersomes,8−10

nanocapsules,11−13 and nanogels14−16 have been developed
for protein delivery. Notably, nanogels with advantages of
relatively uncomplicated fabrication, high protein loading
capacity, high stability, and controlled protein release profile

have appeared as one of the most ideal protein nano-
carriers.17,18 For example, Akiyoshi et al. reported that cationic
cholesteryl-modified pullulan nanogels mediated effective
intracellular delivery of various proteins including β-galactosi-
dase,19 cytokines,20 and cancer vaccines.21 De Smedt et al.
reported the controlled release of bovine serum albumin (BSA)
and lysozyme from degradable dextran nanogels.22 Park et al.
found that heparin−pluronic nanogels were able to deliver
RNase A into HeLa cells giving significant anticancer effects.23

The codelivery of paclitaxel and DNase using heparin−pluronic
nanogels exhibited a dose-dependent synergistic cytotoxicity.24

In particular, bioresponsive nanogels that release cargos in
response to endosomal pH or cytoplasmic glutathione (GSH)
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have received recent interests.25−29 For instance, Akiyoshi et al.
reported that pH-sensitive pullulan nanogels released proteins
much faster under acidic conditions than at physiological pH.30

Kataoka and Matyjaszewski developed reduction-sensitive
degradable nanogels by inverse miniemulsion atom transfer
radical polymerization (ATRP).31 Park et al. reported that
disulfide-cross-linked heparin-Pluronic nanogels with enhanced
colloidal stability effectively released encapsulated RNase A
inside cells.32 Chen et al. reported one-step preparation of
disulfide-cross-linked PEG-polypeptide nanogels by NCA
copolymerization using L-cystine N-carboxyanhydride as a
cross-linker.33 Thayumanavan et al. developed reduction-
sensitive self-cross-linked nanogels based on a random
copolymer containing pendant oligoethyleneglycol and pyridyl
disulfide side chains.34,35 The disulfide-cross-linked nanogels
are of particular interest for intracellular protein release in that
they on one hand possess superior colloidal stability and on the
other hand are prone to rapid de-cross-linking and dissociation
inside cells due to the presence of a high reducing potential in
the cytoplasms and nuclei of cells.36,37 However, most of the
reported nanogels require the use of oil, surfactants, and toxic
reagents that might lead to protein denaturation/deactivation
as well as cytotoxicity concerns. It should further be noted that
preformed nanogels also often exhibit inferior drug loading and
significant burst release.
In this paper, we report in situ forming reduction-sensitive

degradable nanogels from PEG-P(HEMA-co-AC) block co-
polymers using cystamine (Cys) as a cross-linker for facile
loading and triggered intracellular release of proteins (Scheme
1). To the best of our knowledge, this represents a first report
on in situ forming, surfactant and oil-free, catalyst-free,
chemically cross-linked, and stimuli-sensitive degradable nano-
gels. Poly((2-hydroxyethyl) methacrylate) (PHEMA) possesses
excellent biocompatibility and is used widely for biomedical
applications.38 The pendant cyclic carbonate units would
facilitate cross-linking of PEG-P(HEMA-co-AC) with Cys
under an aqueous condition via ring-opening reaction. Notably,
our cross-linking reaction does not involve any catalysts or yield
any byproducts. These in situ forming degradable nanogels
could efficiently load proteins under mild conditions while
quickly releasing proteins inside cells. Here, the preparation of
in situ forming reduction-responsive degradable nanogels,
loading and reduction-triggered release of CC, and intracellular
protein release, as well as antitumor activity of CC-loaded
nanogels, were investigated.

■ EXPERIMENTAL SECTION
Materials. Methoxy poly(ethylene glycol) (PEG, Mn = 5.0 kg/mol,

PDI = 1.03) was purchased from Fluka. PEG was dried by dissolution
in anhydrous toluene followed by azeotropic distillation. 5-Methyl-5-
prop-2-enoyloxymethyl-1,3-dioxan-2-one (acryloyl carbonate, AC) was
synthesized according to our previous report.39 4-Cyanopentanoic acid
dithionaphthalenoate (CPADN) was synthesized according to the
described procedure for 4-cyanopentanoic acid dithiobenzoate.40 PEG-
CPADN was synthesized by an esterification reaction of PEG and
CPADN, similar to the synthesis of CPADN-PCL-CPADN macro-
RAFT agent.41 2-Hydroxyethyl methacrylate (HEMA, 97%, Fluka)
was purified by passing through a basic alumina column before use.
Azobisisobutyronitrile (AIBN, 98%, J&K) was recrystallized from
methanol. Cystamine dihydrochloride (Cys·2HCl, >98%, Alfa Aesar),
dithiothreitol (DTT, 99%, Merck), fluorescein isothiocyanate (FITC,
95%, Fluka), cytochrome C from equine heart (CC, Sigma), 1,4-
butanediamine (BDA, 99%, J&K), and 2,2′-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt (ABTS, Amresco) were
used as received.

Characterization. 1H NMR spectra were recorded on a Unity
Inova 400 spectrometer operating at 400 MHz using deuterated
dimethylsulfoxide (DMSO-d6) as the solvent. The chemical shifts were
calibrated against residual solvent signals of DMSO-d6. The molecular
weight and polydispersity of copolymers were determined by a Waters
1515 gel permeation chromatograph (GPC) instrument equipped with
two linear PLgel columns (500 Ǻ and Mixed-C) following a guard
column and a differential refractive-index detector. The measurements
were performed using THF as the eluent at a flow rate of 1.0 mL/min
at 30 °C and a series of narrow polystyrene standards for the
calibration of the columns. The size distribution of nanogels was
determined using dynamic light scattering (DLS). Measurements were
carried out at 25 °C using a Zetasizer Nano-ZS from Malvern
Instruments equipped with a 633 nm He−Ne laser using back-
scattering detection. Transmission electron microscopy (TEM) was
performed using a Tecnai G220 TEM operated at an accelerating
voltage of 200 kV. The samples were prepared by dropping 10 μL of
nanogel dispersion (0.2 mg/mL) on the copper grid followed by
staining with phosphotungstic acid.

Synthesis of PEG-P(HEMA-co-AC) Copolymers. PEG-P-
(HEMA-co-AC) diblock copolymer was synthesized by reversible
addition−fragmentation chain transfer (RAFT) copolymerization of
HEMA and AC using PEG-CPADN (Mn = 5.0 kg/mol) as a macro-
RAFT agent and AIBN as an initiator (Scheme 2). In a typical
example, under a nitrogen atmosphere, HEMA (64 mg, 490 μmol),
AC (36 mg, 180 μmol), PEG-CPADN (100 mg, 20 μmol), AIBN
(0.164 mg, 1.0 μmol), and 3 mL of DMF were added into a 10 mL
Schlenk flask. The flask was sealed and placed in an oil bath
thermostatted at 65 °C. The reaction proceeded with magnetic stirring
for 24 h. One sample was taken for the determination of monomer

Scheme 1. Illustration of In Situ Forming Reduction-Sensitive Nanogels for Facile Loading and Triggered Release of Proteins
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conversions. The resulting copolymers were isolated by precipitation
in diethyl ether, filtration, and drying in vacuo at room temperature.
Yield: 65−70%. 1H NMR (400 MHz, DMSO-d6) PEG: δ 3.50, 3.38;
HEMA moieties: δ 4.81, 3.90, 3.58, 1.89, 1.01; AC moieties: δ 4.27,
3.90, 1.89, 0.79.
In Situ Formation of Reduction-Sensitive Nanogels. To a

solution of PEG-P(HEMA-co-AC) copolymer (2.0 mg) in phosphate
buffer (PB, pH 7.4, 10 mM) at a concentration of 1.0 mg/mL was
added Cys in PB (1.0 mg/mL). The molar ratio between amino
groups in Cys and cyclic carbonate groups in PEG-P(HEMA-co-AC)
copolymer was set at 1/1. The combined solution following adjusting
its pH to 8.0 was stirred at 50 °C for 4 h. The size distribution of
formed nanogels was determined by DLS and TEM.
Size Change of Nanogels Triggered by DTT. Reduction-

sensitive PEG-P(HEMA-co-AC) nanogels were prepared at a
concentration of 1.0 mg/mL. The size change of nanogels in response
to 10 mM DTT was monitored by DLS. In a typical experiment, to 1.0
mL of nanogel dispersion in PB was added 10 μL of 1.0 M DTT (final
DTT concentration is 10 mM). At different time intervals, the size
distribution of nanogels was determined. BDA-cross-linked nanogels
were used as a reduction-insensitive control.
Encapsulation and Triggered Release of FITC−CC. To 200 μL

of PEG-P(HEMA-co-AC) copolymer solution (5.0 mg/mL) was
added varying volumes of CC or FITC-labeled cytochrome C (FITC−
CC) solution in PB (pH 7.4, 10 mM) to obtain protein/polymer ratios
of 20, 50, and 100 wt %, respectively. Cys-cross-linked nanogels were
formed as described above. Free protein was removed by dialysis
(MWCO 500 kDa) against PB (pH 7.4, 10 mM) at room temperature
for 10 h. The dialysis medium was refreshed each hour.
To determine protein loading contents (PLC), thus prepared

protein-loaded nanogels were treated for 1 h with 100 mM DTT,
diluted 1000 times, and analyzed using fluorescence measurements
(FLS920, excitation at 492 nm, emission from 510 to 690 nm). The
amount of loaded protein was obtained by comparing the fluorescence
of the above samples to a calibration curve of known FITC−CC

concentrations. PLC and protein loading efficiency (PLE) were
calculated according to the following formula:

=

×

PLC(wt%) (weight of loaded protein/weight of copolymer)

100%

=

×

PLE(%) (weight of loaded protein/weight of protein in the feed)

100%
Triggered protein release from reduction-sensitive PEG-P(HEMA-

co-AC) nanogels was investigated using a dialysis method (MWCO
500 kDa) at 37 °C in two different media, that is, PB (100 mM, pH
7.4) and PB (100 mM, pH 7.4) with 10 mM DTT. The protein release
from BDA-cross-linked nanogels was used as reduction-insensitive
control. At desired time intervals, 5 mL of release media was taken out
and replenished with an equal volume of corresponding fresh media.
The amount of released protein was determined by fluorescence
measurements (FLS920, excitation at 492 nm, emission from 510 to
690 nm). The release experiments were conducted in triplicate.

Activity of Released CC by ABTS Assay. The activity of CC
released from CC-loaded PEG-P(HEMA-co-AC) nanogels was
examined using 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) assays. CC was loaded into Cys-cross-linked nanogels as
mentioned above and released in PB (pH 7.4, 100 mM) for 2 days.
The released CC was collected, quantified by bicinchoninic acid
(BCA) method, and diluted to a final concentration of 10 μg/mL
using PB (pH 7.4, 100 mM). To CC solution in quartz cuvettes were
simultaneously added 20 μL of hydrogen peroxide solution (45 mM)
and 200 μL of ABTS solution (1.0 mg/mL) in PB. The absorbance at
410 nm of the oxidized product was monitored for 10 min. Native CC
at a concentration of 10 μg/mL in PB (pH 7.4, 100 mM) was used as a
control.

MTT Assay. The cytotoxicity of PEG-P(HEMA-co-AC) nanogels
was studied by MTT assays in HeLa cells. The cells were seeded onto
a 96-well plate at a density of 1 × 104 cells per well in 100 μL of
Dulbecco’s modified Eagle medium (DMEM) containing 10% FBS
and incubated for 24 h (37 °C, 5% CO2). The medium was replaced
by 80 μL of fresh DMEM medium containing 10% FBS and 20 μL of
various concentrations of nanogel dispersion. The cells were incubated
for another 24 h, the medium was aspirated and replaced by 100 μL of
fresh medium, and 20 μL of MTT solution (5.0 mg/mL) was added.
The cells were incubated for 4 h, and then 100 μL of DMSO was
added to dissolve the resulting purple crystals. The optical densities at
570 nm were measured using a microplate reader. The relative cell
viability (%) was determined by comparing the absorbance at 570 nm
with control wells containing only cell culture medium. Data are
presented as average ± standard deviation (n = 4).

Confocal Microscopy Observation of HeLa Cells Incubated
with FITC−CC Loaded Nanogels. HeLa cells were plated on
microscope slides in a 24-well plate (5 × 104 cells/well) using DMEM
medium containing 10% FBS. The cells were incubated with
predetermined amounts of FITC−CC loaded nanogels or free
FITC−CC at 37 °C under 5% CO2 atmosphere. After 4 h incubation,
the culture medium was removed and the cells on microscope plates
were washed three times with PBS. The cells were fixed with 4%

Scheme 2. Synthesis of PEG-P(HEMA-co-AC) Diblock
Copolymer Using RAFT Polymerization

Table 1. Synthesis of PEG-P(HEMA-co-AC) Diblock Copolymers and Nanogels

HEMA/AC/CPADNa Mn (kg/mol) size (nm)

copolymer design 1H NMR 1H NMRb GPCc PDI GPCc polymerd nanogele

1 24.6/9/1 20.8/7/1 9.1 7.8 1.09 5.2 ± 0.8 124.1 ± 1.3
2 24.6/12/1 20.8/9/1 9.5 8.3 1.30 8.3 ± 1.1 95.8 ± 2.1
3 24.6/15/1 20.8/11/1 9.9 9.5 1.10 10.5 ± 0.6 72.5 ± 1.8

aPolymerization was carried out in DMF at 65 °C for 24 h using PEG-CPADN (Mn = 5.0 kg/mol) as a macro-RAFT agent and AIBN as an initiator
at three different HEMA/AC/CPADN molar ratios. bEstimated by 1H NMR end-group analysis. cGPC was performed using THF as an eluent at a
flow rate of 1.0 mL/min at 35 °C and a series of narrow polystyrene standards for the calibration of the columns. dHydrodynamic size of copolymer
in PB (pH 7.4, 10 mM) determined by DLS. eHydrodynamic size of in situ forming reduction-sensitive nanogels in PB (pH 7.4, 10 mM) determined
by DLS.
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paraformaldehyde and the cell nuclei were stained with Hoechst
33342. Fluorescence images of cells were observed with a Nikon
Digital Eclipse C1si Confocal Laser Scanning Microscope (Nikon,
CLSM).
Apoptotic Activity of CC-Loaded Nanogels. HeLa cells were

plated in a 24-well plate (1 × 105 cells/well) under 5% CO2
atmosphere at 37 °C using DMEM medium supplemented with
10% FBS, 1% L-glutamine, antibiotics penicillin (100 IU/mL), and
streptomycin (100 μg/mL) for 24 h. The cells were treated with CC-
loaded Cys-cross-linked reduction-sensitive nanogels, CC-loaded
BDA-cross-linked reduction-insensitive nanogels, or free CC (CC
dosage: 80 μg/mL) for 24 h under 5% CO2 atmosphere at 37 °C. To
quantify the percentage of apoptotic cells, the Annexin V-FITC kit was
used as described by the manufacturer (KenGEN, China). Briefly,
HeLa cells were detached from the surface with EDTA-free trypsin,
washed twice with cold PBS, and resuspended in binding buffer. Then,
the cells were stained with 5 μL of Annexin V-FITC solution and 5 μL
of PI solution for 15 min at room temperature in the dark. The cells
were analyzed immediately by flow cytometry (BD FACSCalibur,
Mountain View, CA).

■ RESULTS AND DISCUSSION
Synthesis of PEG-P(HEMA-co-AC) Copolymers. PEG-

P(HEMA-co-AC) diblock copolymers were prepared by RAFT

copolymerization of HEMA and AC in DMF at 65 °C using
PEG-CPADN (Mn = 5.0 kg/mol, CPADN: 4-cyanopentanoic
acid dithionaphthalenoate) as a macro-RAFT agent (Scheme
2). CPADN is a particularly versatile RAFT agent, through
which we have obtained well-defined diblock,42,43 tri-
block,41,44,45 and graft46 copolymers for gene, protein, or drug
delivery. The conversions of both monomers in each
polymerization were over 80%, as determined by 1H NMR.
The results of copolymerization are summarized in Table 1. 1H
NMR shows clearly peaks characteristic of PEG (δ 3.50 and
3.38) and also signals attributable to the hydroxyl protons of
HEMA units and methylene protons on the cyclic carbonate
group of AC units at δ 4.81 and 4.27, respectively (Figure 1).

Figure 1. 1H NMR spectrum (400 MHz, DMSO-d6) of copolymer 2
(Table 1, entry 2).

Figure 2. Size distributions of PEG-P(HEMA-co-AC) copolymers and in situ forming reduction-sensitive nanogels in PB (pH 7.4, 10 mM)
determined by DLS (A) and TEM image of nanogel 1 stained with phosphotungstic acid (B).

Figure 3. Size change of reduction-sensitive nanogel 1 in response to
10 mM DTT measured by DLS.

Table 2. Characteristics of Protein-Loaded Nanogelsa

PLC (wt %)

nanogel theory determinedb PLE (%) sizec (nm) PDIc

1 20 19.6 98.2 134.2 ± 1.5 0.15
50 37.3 74.6 145.6 ± 2.3 0.20
100 47.0 47.0 182.3 ± 1.3 0.24

2 20 19.2 96.3 102.5 ± 2.4 0.16
50 36.2 72.4 150.2 ± 2.6 0.15
100 48.2 48.2 176.6 ± 1.6 0.20

3 20 19.6 98.1 128.4 ± 2.5 0.21
50 34.8 69.6 156.3 ± 1.6 0.18
100 45.1 45.1 170.2 ± 2.1 0.24

aNanogels were prepared in PB (pH 7.4, 10 mM) at a final
concentration of 1 mg/mL. bDetermined by fluorescence measure-
ments. cDetermined in PB (pH 7.4, 10 mM) by DLS.
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The chemical shift of methylene protons on the cyclic
carbonate group remained unchanged, indicating that the
cyclic carbonate remained intact during copolymerization and
subsequent workup procedures. The average numbers of
HEMA and AC units per P(HEMA-co-AC) block could be
determined by comparing the intensities of signals at δ 4.81 and
δ 4.27 with 3.38 (methoxyl protons of PEG), respectively.
Notably, the results demonstrated that the number of AC units
per polymer chain increased from 7 and 9 to 11 (denoted as
copolymers 1−3) with increasing the amount of AC monomer
in the feed (Table 1). GPC results showed that these diblock
copolymers had unimodal distributions with moderate
polydispersities of 1.09−1.30 (Table 1), further supporting
the successful synthesis of PEG-P(HEMA-co-AC) copolymers.
Formation of Reduction-Sensitive Cross-Linked Nano-

gels. PEG-P(HEMA-co-AC) copolymers were well-soluble in
PB (pH 7.4, 10 mM). DLS studies showed that PEG-P(HEMA-
co-AC) copolymers had average hydrodynamic diameters
ranging from 5.2 to 10.5 nm at a polymer concentration of
1.0 mg/mL (Figure 2A), indicating that they exist as a unimer
in PB. Disulfide-cross-linked nanogels were prepared by adding
equivalent amounts of Cys relative to the AC units into the
copolymer solution in PB followed by adjusting the pH of the
solution pH to 8.0 and stirring at 50 °C for 4 h. Interestingly,
Figure 2A shows that nanogels with average sizes varying from
72.5 to 124.1 nm, depending on the amounts of AC units in the
copolymers, and moderate polydispersity indices (PDI) of
0.16−0.21 were formed. The sizes of nanogels decreased with
increasing AC contents, likely due to increased cross-linking

densities. TEM micrographs showed that these nanogels had a
spherical morphology with particle sizes in accordance with
those determined by DLS (Figure 2B). We hypothesized that
nanogels were formed through nucleophilic ring-opening
reaction of cyclic carbonates with the amino groups in Cys.
To confirm our hypothesis, a model reaction was carried out by
dropwise adding a solution of copolymer 1 in PB into BDA
solution (20-fold excess, to prevent cross-linking) at 50 °C for 4
h. The product was isolated and analyzed by 1H NMR. The
results revealed that signals at δ 4.27 due to methylene protons
on the cyclic carbonate of AC units vanished (Figure S2),
indicating complete ring-opening of cyclic carbonate groups.
This model reaction confirms that the cyclic carbonates in
PEG-P(HEMA-co-AC) copolymers undergo rapid ring-opening
reaction in the presence of diamines under mild conditions, in
line with a previous report by Endo et al. for ring-opening of
six-membered cyclic carbonates with diamines.47

The reduction sensitivity of Cys-cross-linked PEG-P(HEMA-
co-AC) nanogels was studied by monitoring change of nanogel
sizes over time in response to 10 mM DTT using DLS. The
results showed that nanogel 1 was quickly dissociated in the
presence of 10 mM DTT in which a large population with
reduced sizes of about 30 and 15 nm was observed in 2 and 8 h,
respectively (Figure 3). In contrast, little size change was
detected for BDA-cross-linked nanogels (reduction-insensitive
control) in 24 h under the same reducing conditions (Figure
S2). Moreover, no size change was observed for nanogel 1 in 12
h in the absence of DTT (Figure 3). It is evident, therefore, that
Cys-cross-linked PEG-P(HEMA-co-AC) nanogels can be
rapidly disrupted under an intracellular-mimicking reducing
condition.

Loading and Triggered Release of Proteins. Proteins
could be readily loaded into PEG-P(HEMA-co-AC) nanogels
by mixing PB solutions of copolymer and protein prior to cross-
linking with Cys. The unloaded protein was removed by
extensive dialysis. It should be noted that lysine amino groups
in protein are mostly protonated at pH 8.0 due to their high
pKa of approximately 10. The much higher pKa of amino
groups in protein than Cys (pKa = 8.2) would render little, if
present, involvement of protein amino groups in the cross-
linking reaction with cyclic carbonate. To confirm this, we
performed a control experiment on a mixture of CC and PEG-
P(HEMA-co-AC) (i.e., without Cys) under otherwise the same
conditions (pH 8.0, 50 °C, 4 h). DLS showed that nanogels
were not formed. Furthermore, trinitrobenzene sulfonic acid
(TNBSA) assays revealed that there was essentially no change
in the amount of amino groups in protein, supporting absence
of reaction between protein and cyclic carbonates under
nanogel preparation conditions. It should further be noted that
thiol groups of cysteine in CC have formed thioether groups
with the heme group and reactions between the disulfide bonds
of Cys and thioether groups in CC are not anticipated. The
results showed that all PEG-P(HEMA-co-AC) nanogels had
high loading capacity for FITC−CC, in which AC contents
appeared to have little influences (Table 2). For example, high
PLE ranging from 96.3 to 98.2% were obtained at a theoretical
PLC of 20 wt %. PLE decreased with increasing theoretical
PLC. Notably, a high protein loading content of 48.2 wt % was
accomplished at a theoretical PLC of 100 wt %. The size of
nanogels increased from 134.2 to 182.3 nm with increasing
PLC from 19.6 to 47.0 wt %. The high protein loading
capability of nanogels might be attributed to the hydrophobic
and hydrogen bonding interactions between P(HEMA-co-AC)

Figure 4. In vitro release of FITC−CC from in situ forming reduction-
sensitive PEG-P(HEMA-co-AC) nanogels in PB (pH 7.4, 100 mM) at
37 °C. (A) Release of FITC−CC from nanogel 1 in the presence or
absence of 10 mM DTT. BDA-cross-linked copolymer 1 nanogel was
used as a reduction-insensitive control; (B) Release of FITC−CC
from nanogels 1−3 in the presence or absence of 10 mM DTT.
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blocks with CC, as well as the initial charge interaction between
the protonated amino groups in Cys and negatively charged
groups in CC. The hydrophobic and charge interactions would,
however, decrease during nanogel formation as amino groups
in Cys react with cyclic carbonate units. Hence, interactions
between protein and “core-shell” nanogels following complete
cross-linking would become weak. The proteins could be
effectively released from nanogels upon de-cross-linking under
a reductive condition. It should further be noted that protein-
loaded nanogels could also be prepared at 40 °C for 8 h.
The in vitro release of proteins from nanogels was

investigated using PB (100 mM, pH 7.4) at 37 °C in the

presence or absence of 10 mM DTT. As shown in Figure 4A,
FITC−CC was rapidly released from nanogel 1 in the presence
of 10 mM DTT, in which 50.6 and 96.9% of FITC−CC was
released in 5 and 22 h, respectively. This fast protein release is
likely due to de-cross-linking and disruption of nanogels under
a reductive condition (Figure 3). In contrast, low FITC−CC
release (∼30%) was observed in 22 h for reduction-insensitive
BDA-cross-linked nanogels under otherwise the same con-
ditions as well as for nanogel 1 in the absence of DTT (Figure
4A). Nanogels 2 and 3 exhibited similar protein release profiles,
in which much faster release of FITC−CC was observed in the
presence of 10 mM DTT (Figure 4B). Notably, the protein
release rate decreased with increasing AC contents, wherein
96.9, 80.0, and 55.6% of FITC−CC was released in 22 h from
nanogels 1, 2, and 3, respectively (Figure 4B), indicating that
protein release rate from these nanogels could be tuned by
cross-linking densities. Similar results were reported by
Thayumanavan et al. for release of nile red from disulfide-
cross-linked nanogels with different cross-linking densities.35 It
should be noted that in all cases no burst release of protein was
observed. These results indicate that protein release from
disulfide-cross-linked PEG-P(HEMA-co-AC) nanogels pro-
ceeds in a controlled manner and can be triggered by a
reductive environment analogous to that of the intracellular
compartments such as the cytosol and the cell nucleus.

Intracellular Release of Proteins. The cellular uptake and
intracellular protein release behavior of protein-loaded nanogels
was studied using CLSM in HeLa cells. Interestingly, strong
fluorescence was observed in the perinuclei region of HeLa cells
following 4 h incubation with FITC−CC loaded reduction-

Figure 5. CLSM images of HeLa cells incubated with FITC−CC-loaded nanogels and free FITC−CC (60 μg/mL) for 4 h. For each panel, the
images from left to right showed FITC−CC fluorescence in cells (green), cell nuclei stained by Hoechst 33342 (blue), and overlays of the two
images. The scale bars correspond to 30 μm in all the images: (A) nanogel 1; (B) BDA-cross-linked copolymer 1 nanogel (reduction-insensitive
control); (C) free FITC−CC.

Figure 6. MTT assays of in situ forming reduction-sensitive PEG-
P(HEMA-co-AC) nanogels. HeLa cells were incubated with nanogels
for 24 h. Data are presented as average ± standard deviation (n = 4).
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sensitive nanogel 1 (Figure 5A). In contrast, weak fluorescence
was detected in HeLa cells incubated with FITC−CC loaded
reduction-insensitive control under otherwise the same
conditions (Figure 5B), signifying the important role of
cleavable disulfide cross-links for intracellular protein release.
As expected, little FITC−CC fluorescence was observed in
HeLa cells treated with free FITC−CC, likely due to poor
cellular uptake (Figure 5C). These confocal observations
support that reduction-sensitive PEG-P(HEMA-co-AC) nano-
gels are able to deliver and release proteins into cancer cells.
Apoptotic Activity of CC-Loaded Nanogels. It is of

great importance for protein delivery systems that released
proteins maintain their biological activity. PEG and PHEMA
are among the few polymers approved by the U.S. FDA for
biomedical uses. Our previous studies have shown that various
functional degradable polymers based on AC monomer have
low cytotoxicities.39,48,49 MTT assays demonstrated that all
reduction-sensitive PEG-P(HEMA-co-AC) nanogels were
essentially nontoxic to HeLa cells (cell viabilities ≥95%) up
to a tested concentration of 2 mg/mL (Figure 6). It should be
noted that protein-loaded nanogels were prepared under mild
conditions, which unlike most reported nanogels does not
involve any oil, surfactant, or catalyst that possibly lead to
protein denaturation/deactivation. The enzymatic activity of
horse heart cytochrome C (CC) released from nanogel 1 was
examined using ABTS assay.45 The results showed that there
are no significant differences in oxidation of ABTS between CC
released from nanogels and native CC, implying that released
CC maintains its bioactivity (Figure S3).
CC is known to play a role in programmed cell death, and

intracellularly injected CC has shown to induce effective cell
apoptosis.50−52 We reported that reduction and temperature
dual-responsive cross-linked polymersomes could deliver CC
into MCF-7 cells, resulting in enhanced apoptosis.45 The
apoptotic activity of CC-loaded Cys-cross-linked nanogels in

HeLa cells was studied using flow cytometry. The results
showed that CC-loaded reduction-sensitive nanogels induced
obviously more significant cell death than CC-loaded
reduction-insensitive control as well as free CC (Figure 7).
Moreover, the apoptotic activity of CC-loaded Cys-cross-linked
nanogels decreased with increasing cross-linking densities, in
which about 15, 11, and 8% cell death was observed for
nanogels 1, 2, and 3, respectively. In comparison, both
reduction-insensitive nanogels and free CC caused little
apoptosis of HeLa cells under the same conditions (Figure
7D,E), in accordance with poor cellular uptake of free CC and
minimal intracellular release of CC from reduction-insensitive
nanogels. These results confirm that released CC maintains its
apoptotic activity. It should be noted, nevertheless, that
antitumor activity of CC-loaded PEG-P(HEMA-co-AC) nano-
gels is modest, likely due to inefficient cellular uptake as a result
of PEG shielding. The cellular uptake of nanogels could be
greatly enhanced by installing a targeting ligand such as folic
acid, aptamer, peptide, and antibody fragment.53−55 These in
situ forming, surfactant-free, and reduction-sensitive nanogels
form an innovative and promising platform for tumor-targeting
protein therapy.

■ CONCLUSIONS
We have demonstrated for the first time that reduction-
sensitive degradable nanogels are readily formed in situ from
water-soluble PEG-P(HEMA-co-AC) diblock copolymers and
cystamine in phosphate buffer via nucleophilic ring-opening of
cyclic carbonate with amino groups of cystamine. These in situ
forming nanogels are particularly interesting for intracellular
protein delivery in that they offer several unique advantages: (i)
they are formed in situ under mild conditions, in which no oil,
surfactant, or catalyst is required and no byproducts are
generated; (ii) they homogeneously encapsulate proteins under
a friendly environment and furthermore possess high protein

Figure 7. Contour diagram of Annexin V-FITC/PI flow cytometry of HeLa cells following 24 h incubation with CC-loaded nanogel 1 (A), CC-
loaded nanogel 2 (B), CC-loaded nanogel 3 (C), CC-loaded BDA-cross-linked copolymer 1 nanogel (reduction-insensitive control; D), and free CC
(E). CC dosage was set at 80 μg/mL.
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loading capacity; (iii) they exhibit excellent stability with
limited protein release under physiological conditions; (iv) they
are prone to rapid de-cross-linking and disassociation under
intracellular-mimicking reductive environments, resulting in
efficient intracellular protein release; and (v) importantly,
released proteins preserve their bioactivity. These in situ
forming reduction-sensitive degradable nanogels provide a
novel and promising approach for targeted intracellular protein
delivery.
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