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ABSTRACT: Development of versatile nanoplatforms for cancer
theranostics remains a hot topic in the area of nanomedicine. We report
here a general approach to create polyethylenimine (PEI)-based hybrid
nanogels (NGs) incorporated with ultrasmall iron oxide (Fe3O4)
nanoparticles (NPs) and doxorubicin for T1-weighted MR imaging-
guided chemotherapy of tumors. In this study, PEI NGs were first
prepared using an inverse emulsion approach along with Michael
addition reaction to cross-link the NGs, modified with citric acid-
stabilized ultrasmall Fe3O4 NPs through 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide hydrochloride (EDC) coupling, and physically
loaded with anticancer drug doxorubicin (DOX). The formed hybrid
NGs possess good water dispersibility and colloidal stability, excellent
DOX loading efficiency (51.4%), pH-dependent release profile of DOX
with an accelerated release rate under acidic pH, and much higher r1
relaxivity (2.29 mM−1 s−1) than free ultrasmall Fe3O4 NPs (1.15 mM−1 s−1). In addition, in contrast to the drug-free NGs that
possess good cytocompatibility, the DOX-loaded hybrid NGs display appreciable therapeutic activity and can be taken up by cancer
cells in vitro. With these properties, the developed hybrid NGs enabled effective inhibition of tumor growth under the guidance of
T1-weighted MR imaging. The developed hybrid NGs may be applied as a versatile nanoplatform for MR imaging-guided
chemotherapy of tumors.

■ INTRODUCTION

Nanomedicine remains a challenging field for cancer
theranostics. To realize effective cancer theranostics, it is
crucial to develop a variety of different nanoplatforms that can
combine both therapeutic and diagnostic elements within the
same platform. There are a myriad of nanomaterials including
but not limited to nanotubes,1,2 nanofibers,3 quantum dots,4,5

micelles,6 dendrimers,7−9 and nanogels (NGs)10,11 that have
been used in nanomedicine. For effective integration of
theranostic functionalities, the nanoplatform incorporated
with theranostic elements12−14 should possess reasonable
colloidal stability, improved tumor penetration, and desired
drug release kinetics after reaching the tumor site, thereby
rendering effective tumor theranostics.
Among the commonly reported nanoplatforms, NGs

possessing the properties of both bulk gels and nanoparticles
(NPs) have received considerable attention for cancer imaging
and therapy.15−18 Compared to other nanoplatforms, NGs
have good fluidity, softness, and deformability, enabling better
tumor penetration and more significant uptake by cancer cells
than solid particles.19,20 In addition, NGs with spherical or
quasi-spherical shapes and flexible skeletons can provide

hydrophilic or amphiphilic surface and a huge amount of
functional groups for theranostic components loading.21−23

Moreover, the internal cavities within three-dimensional
structure of NGs enable effective encapsulation of NPs for
various imaging applications.24,25 For instance, poly(γ-glutamic
acid) NGs can be loaded with iron oxide NPs26 and gold
NPs,24 respectively, through an in situ cross-linking strategy for
tumor magnetic resonance (MR) and computed tomography
imaging.
Various methods, such as interfacial polymerization,27

precipitation polymerization,28 emulsification29−31 and solvent
evaporation,32 have been introduced for NGs synthesis.
Among them, an inverse mini-emulsion method possesses
advantages of easy preparation using functional polymers to
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form NGs having functional surface groups and control of size
and cross-linking density. Recently, Pich and co-workers
reported the creation of N,N′-methylene-bis(acrylamide)
(BIS)-cross-linked poly(allylamine) hydrochloride (PAH)
NGs with abundant surface amine groups through an inverse
mini-emulsion polymerization method.33 The formed PAH
NGs were able to be further functionalized through the NG
surface PAH amines. In another study, the same group
reported the use of polymer NGs as a carrier to load anticancer
drug DOX for enhance delivery applications.34 These studies
highlight the importance to develop advanced functional NG-
based platforms for drug delivery applications. However, only a
few studies concern the development of NG-based platform for
theranostic applications.
Recently, ultrasmall iron oxide (Fe3O4) nanoparticles (NPs)

with a size smaller than 5 nm have received immense interest
for cancer theranostic applications due to the advantages of T1-
weighted MR imaging capacity, biocompatibility, easy syn-
thesis, and tunable manipulation.35−37 For instance, ultrasmall
Fe3O4 NPs can be surface modified with zwitterions to have
prolonged blood circulation time for enhanced tumor MR
imaging,38 can be surface modified with targeting ligand folic
acid via a poly(ethylene glycol) spacer for targeted tumor MR
imaging,39 and can be incorporated within gold nanostars with
near-infrared absorption feature for dual-mode MR/photo-
acoustic imaging-guided tumor photothermal therapy.40 These
prior studies related to functional NGs and ultrasmall Fe3O4
NPs prompt us to hypothesize that polyethylenimine (PEI)
NGs may be synthesized via inverse mini-emulsion and be
used as a platform to incorporate ultrasmall Fe3O4 NPs and
anticancer drug for MR imaging-guided chemotherapy of
tumors.
In this study, we first prepared PEI NGs using an inverse

mini-emulsion method and cross-linked them with BIS via
Michael addition reaction. The synthesized NGs with
abundant surface amines were covalently conjugated with
citric acid-stabilized ultrasmall Fe3O4 NPs synthesized via
solvothermal method according to our previous report41

through 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide

hydrochloride (EDC) coupling, followed by acetylation of
the remaining NG surface amines and physical encapsulation
of an anticancer drug doxorubicin (DOX) (Figure 1). The
generated Fe3O4/PEI-Ac NGs/DOX complexes were system-
atically characterized via different techniques in terms of their
structure, composition, morphology, stability, release kinetics,
and r1 relaxivity. We then assessed the cytocompatibility of
drug-free NGs, in vitro cellular uptake capacity and therapeutic
activity, and in vivo MR imaging-guided tumor chemotherapy.
To the best of our knowledge, this is the very first example to
develop PEI-based NG systems for MR imaging-guided tumor
chemotherapy.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Fe3O4/PEI-Ac NGs.
In this work, through the inverse mini-emulsion method and
BIS-mediated cross-linking,11 PEI NGs with abundant amines
were prepared, surface functionalized with ultrasmall Fe3O4
NPs through EDC coupling, and finally acetylated to neutralize
the remaining NG surface amines (Figure 1). The prepared
NGs and the intermediate products were systematically
characterized through different methods.
First, the surface potential of NGs after each step of surface

modification was monitored (Table S1). The pristine PEI NGs
have a surface potential of 38.9 ± 0.62 mV due to their
abundant surface amine groups. After conjugation with
negatively charged citric acid-stabilized ultrasmall Fe3O4 NPs
(−37.9 ± 1.35 mV), the formed Fe3O4/PEI NGs display
decreased surface potential of 29.3 ± 0.88 mV. Final
acetylation of the Fe3O4/PEI NGs led to the further decreased
surface potential of the Fe3O4/PEI-Ac NGs (13.3 ± 1.15 mV).
Likewise, the hydrodynamic size of the NGs after stepwise

modification was measured by dynamic light scattering (DLS,
Table S1). Pristine PEI NGs were measured to have a
hydrodynamic size of 180.38 ± 5.48 nm. After covalent
conjugation with ultrasmall Fe3O4 NPs having a hydrodynamic
size of 27.5 ± 3.2 nm (dry single particle size was 2.8 nm38 as
measured by transmission electron microscopy), the formed
Fe3O4/PEI NGs have an increased size of 251.4 ± 6.34 nm.

Figure 1. Schematic representation of the synthesis of Fe3O4/PEI-Ac NGs/DOX complexes for MR imaging-guided chemotherapy of tumors.
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The last step of acetylation led to a further increased
hydrodynamic size of the Fe3O4/PEI-Ac NGs (263.8 ± 3.81
nm). Furthermore, to assess the long-term colloidal stability of
the NGs, we monitored the hydrodynamic sizes of both the
pristine PEI NGs and the final Fe3O4/PEI-Ac NGs dispersed
in water via DLS (Figure S1). Clearly, the hydrodynamic sizes
of both NGs do not seem to have any appreciable changes for
at least 25 days, indicating their good colloidal stability.
Atomic force microscopy (AFM) was used to observe the

morphology of the as-synthesized Fe3O4/PEI-Ac NGs. As
shown in Figure 2a,b, both PEI NGs and Fe3O4/PEI-Ac NGs

exhibit a uniform spherical shape. The size of pristine PEI NGs
was measured to be 137 nm. After conjugation with ultrasmall
Fe3O4NPs and surface leftover amine acetylation, the size of
the Fe3O4/PEI-Ac NGs increased to 157 nm. As expected, the
size of the Fe3O4/PEI-Ac NGs measured by AFM is smaller
than that measured by DLS. This is likely since DLS analyzes
the swollen state of the Fe3O4/PEI-Ac NGs in aqueous
solution that may have a certain degree of aggregation, while
AFM detects the single NGs in a dried state. Overall, the
surface potential, DLS, and AFM measurements collectively
confirmed the success of the preparation of the Fe3O4/PEI-Ac
NGs.
Thermogravimetric analysis (TGA) was used to quantify the

grafting percentage of ultrasmall Fe3O4 NPs onto the surface of
PEI NGs (Figure 2c). Owing to the excellent thermal stability

of PEI NGs, the weight of Fe3O4/PEI NGs remains stable
under the temperature of 207 °C. By subtracting the weight
loss of ultrasmall Fe3O4 NPs (29.3%) from that of the Fe3O4/
PEI NGs (55.3%), we were able to calculate the percentage of
the PEI content of the hybrid NGs at 26.0%. Consequently,
the loading percentage of ultrasmall Fe3O4 NPs onto the PEI
NGs was calculated to be 74.0%.
Fe3O4 NPs with a size smaller than 5 nm have been used as a

contrast agent for T1-weighted MR imaging.42 Here, the
potential of the Fe3O4/PEI-Ac NGs to be used for T1-weighted
MR imaging was explored through relaxometry studies (Figure
3). It is found that both citric acid-stabilized Fe3O4 NPs and

Fe3O4/PEI-Ac NGs can improve MR signal intensity in the T1-
weighted MR images with the increase of Fe concentration
(Figure 3a). By linearly fitting the T1 relaxation (1/T1) as a
function of Fe concentration (Figure 3b), the r1 relaxivities of
ultrasmall Fe3O4 NPs and Fe3O4/PEI-Ac NGs were measured
to be 1.15 mM−1 s−1 and 2.29 mM−1 s−1, respectively. The
higher r1 relaxivity of the Fe3O4/PEI-Ac NGs than that of free
ultrasmall Fe3O4 NPs could be ascribed to the enlarged
molecular volume of the particles within the PEI NGs with
prolonged rotational correlation time, thus presenting an
increased r1 relaxivity and improved MR imaging sensitivity.43

Drug Encapsulation and Release Kinetics. Since the
NGs possess many PEI polymers with internal hydrophobic
cavities that are suitable for DOX encapsulation,44 we
physically loaded DOX within the NGs. The DOX loading
efficiency and capacity within the hybrid Fe3O4/PEI-Ac NGs
were measured via UV−vis spectroscopy using the standard
calibration curve of DOX absorption (at 480 nm)/concen-
tration in phosphate buffered saline (PBS) solution. We
optimized ratios between DOX and Fe3O4/PEI-Ac NGs during
the drug loading process to achieve the best loading efficiency

Figure 2. AFM images of (a) PEI NGs and (b) Fe3O4/PEI-Ac NGs.
(c) TGA curve of ultrasmall Fe3O4 NPs and Fe3O4/PEI NGs.

Figure 3. (a) Color T1-weighted MR images of the ultrasmall Fe3O4
NPs and Fe3O4/PEI-Ac NGs at an Fe concentration of 0.1, 0.2, 0.4,
0.8, and 1.6 mM, respectively. The color bar from blue to red
indicates the gradual increase of MR signal intensity. (b) Linear fitting
of 1/T1 as a function of Fe concentration for the two different
materials.
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and loading capacity. At different DOX/NGs mass ratios (1:2,
1:1, or 2:1), the loading efficiency and loading capacity were
measured (Table S2). It can be found that at the DOX/NGs
mass ratio of 1:1, the best DOX loading percentage (21.9%)
can be achieved, while at the DOX/NGs mass ratio of 2:1, the
maximum drug loading efficiency (51.4%) can be observed.
Based on these results, we selected 2:1 as the optimal ratio for
the subsequent experiments.
The in vitro release study of DOX from the Fe3O4/PEI-Ac

NGs/DOX complexes was performed in phosphate buffer
within different pH environments (pH 5.5 and pH 7.4) at 37
°C (Figure 4). Apparently, the release of DOX from the

Fe3O4/PEI-Ac NGs/DOX complexes shows a sustained
manner under both pHs. However, the cumulative release of
DOX from the complexes was 44.1 ± 2.05% at 72 h in an
acidic environment (pH = 5.5), which was much higher than
that (31.3 ± 1.32%) in a physiological environment (pH = 7.4)
at the same time point. These results indicate that the DOX
release from the hybrid NGs is pH-sensitive with a higher
release speed under a slightly acidic environment than under a
physiological pH environment. The fast release of DOX under
the slightly acidic pH is certainly beneficial for chemotherapy
of tumors with a slightly acidic microenvironment (pH 5.5−
6.5). The rapid DOX release from the NGs could be due to the
fact that DOX is much more water-soluble under acidic pH
than under physiological pH, in agreement with the
literature.45

Therapeutic Efficacy of Fe3O4/PEI-Ac NGs/DOX Com-
plexes. We next assessed the therapeutic efficacy of the
Fe3O4/PEI-Ac NGs/DOX complexes in vitro through CCK-8
cell viability assay (Figure 5a). Free DOX·HCl and drug-free
Fe3O4/PEI-Ac NGs were also tested for comparison. Clearly,
drug-free Fe3O4/PEI-Ac NGs display an excellent cytocompat-
ibility and the tested murine mammary carcinoma 4T1 cells
display a viability around 100% after the treatment of NGs at a
concentration up to 40 μg/mL for 24 h. In contrast, both free
DOX·HCl and the NGs/DOX complexes display apparent
therapeutic efficacy to inhibit the growth of cancer cells. The
lower therapeutic efficacy of the NGs/DOX complexes than
that of free DOX·HCl should be due to the slow release of
DOX from the Fe3O4/PEI-Ac NGs/DOX, in agreement with
the literature.45 Our data suggest that the Fe3O4/PEI-Ac NGs
have a good cytocompatibility and can be used as a carrier
system for drug delivery to inhibit cancer cells in vitro.

Figure 4. Cumulative release of DOX from the Fe3O4/PEI-Ac NGs/
DOX complexes under different pHs.

Figure 5. (a) CCK-8 assay of 4T1 cell viability after they were treated with Fe3O4/PEI-Ac NGs/DOX, free DOX·HCl, and Fe3O4/PEI-Ac NGs at
different DOX concentrations for 24 h. The 4T1 cells treated with PBS were used as a control. (b) Mean fluorescence of cells treated with Fe3O4/
PEI-Ac NGs/DOX as a function of DOX concentration. (c) Confocal microscopic images of 4T1 cells after treatment for 4 h with the free DOX·
HCl and Fe3O4/PEI-Ac NGs/DOX at a DOX concentration of 10 μg/mL. The 4T1 cells treated with PBS were used as a control.
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To check the cellular uptake of DOX-loaded NGs, flow
cytometry assay was performed (Figure 5b). As shown in
Figure S2, the right-shifted histograms indicate that the cells
are able to take up the NGs to display DOX-associated
fluorescence signal. With the increase of DOX concentration,
the cell fluorescence histogram displays a more apparent right-
shift trend, indicating that there are more NGs taken up by
cells. This trend can be further proven by plotting the mean
fluorescence of cells as a function of DOX concentration of the
NGs (Figure 5b). At the DOX concentration of 20 μg/mL, the
mean fluorescence signal of cells is 37 times higher than that at
the DOX concentrations of 1 μg/mL, and 2.5 times higher
than that at the DOX concentration of 5 μg/mL.
Confocal laser scanning microscopy was also used to visually

confirm the cellular uptake of the DOX-loaded NGs (Figure
5c). The red fluorescence of DOX can only be detected in the
cytoplasm of cells treated with free DOX·HCl and Fe3O4/PEI-

Ac NGs/DOX after 4 h incubation of cells, while the control
group treated with PBS does not display any red fluorescent
signals. Free DOX·HCl group shows purple nuclei and red
cytoplasm, implying that free DOX·HCl can enter cell nuclei
with blue staining. For cells treated with the Fe3O4/PEI-Ac
NGs/DOX complexes, both blue and red fluorescence can be
spotted, and the DOX-associated red fluorescence mainly
appears in the cytoplasm. It takes time for DOX to be released
from the Fe3O4/PEI-Ac NGs/DOX complexes to enter the cell
nuclei.
To further confirm the NG taken up by cells, we analyzed

the cellular Fe concentration using inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (Figure S3). After
treatment with the Fe3O4/PEI-Ac NGs/DOX complexes at
different DOX concentrations ranging from 0 to 90 μg/mL for
24 h, the 4T1 cells were digested by aqua regia and subjected
to ICP-OES assay. Obviously, the cellular Fe uptake increases

Figure 6. In vivo T1-weighted MR images (a) and MR signal-to-noise ratio (SNR) (b) of the xenografted 4T1 tumors before and at different time
points post intravenous injection of the free ultrasmall Fe3O4 NPs or the Fe3O4/NGs-Ac NGs/DOX complexes (Fe mass = 150 μg, in 0.2 mL PBS
for each mouse).

Figure 7. (a) Schematic diagram of the treatment process of the tumor-bearing mice in vivo. (b) Relative tumor volume of mice after different
treatments for 15 days. (c) Survival rate of the mice in each group during 30 days treatment. (d) Body weight of mice after different treatments for
15 days.
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with the increase of the DOX concentration, which is
consistent with the results obtained from confocal laser
scanning microscopy and flow cytometry assays.
In Vivo MR Imaging-Guided Antitumor Chemo-

therapy. Due to the excellent r1 relaxivity of the ultrasmall
Fe3O4 NPs incorporated within the NGs, we tested the
potential to use the as-prepared Fe3O4/PEI-Ac NGs/DOX
complexes as a contrast agent for MR imaging of tumors in
vivo. For comparison, free ultrasmall Fe3O4 NPs were also
tested under the same conditions. As shown in Figure 6, the
MR signal intensity of tumor (as indicated in the white circles)
increases first with the time post-injection, and then declines at
30 min post-injection. This suggests that free ultrasmall Fe3O4
NPs and the Fe3O4/PEI-Ac NGs/DOX complexes can be
enriched in the tumor site with blood circulation after
intravenous injection possibly through the passive enhanced
permeability and retention (EPR) effect. By quantitatively
analyzing the tumor MR signal-to-noise ratio (SNR), we find
that the MR SNR of Fe3O4/PEI-Ac NGs/DOX group is much
higher than that of free ultrasmall Fe3O4 NPs group at the
same time points, possibly due to the larger size of NGs
possessing a better tumor EPR effect than that of the free
ultrasmall Fe3O4 NPs. At 30 min post-injection, the Fe3O4/
PEI-Ac NGs/DOX complexes can be gradually metabolized in
vivo, leading to gradually decreased Fe concentration in the
tumor site. These results suggest that the Fe3O4/PEI-Ac NGs/
DOX complexes display an enhanced MR imaging perform-
ance than free ultrasmall Fe3O4 NPs.
We then checked the biodistribution of the Fe3O4/PEI-Ac

NGs/DOX complexes in the major organs and tumor of mice
at different time points post-administration to evaluate the
metabolic pathway (Figure S4). At an earlier time point of 0.5
h, spleen and tumor tissues display much high Fe uptake than
other time points. After that, the intravenously injected Fe3O4/
PEI-Ac NGs/DOX complexes were taken up predominantly by
spleen and lung and gradually cleared from kidney within 48 h.
It should be pointed that at 0.5 h post-injection, the tumor site
displays a significantly high amount of Fe uptake, thus enabling
effective MR imaging of tumors. These results suggest that the
developed Fe3O4/PEI-Ac NGs/DOX complexes could accu-
mulate in tumor tissue via EPR passive targeting pathway and
be safely excreted from the host animals.
Lastly, we evaluated the chemotherapeutic efficacy of the

Fe3O4/PEI-Ac NGs/DOX complexes to treat the xenografted
4T1 breast tumor model. The treatment schedule of 4T1-
bearing BALB/c mice is shown in Figure 7a. The chemo-
therapy efficacy of tumor bearing mice was evaluated via
monitoring the relative tumor volume change (Figure 7b). It
can be seen that the treatment with both free DOX·HCl drug
and the DOX-loaded Fe3O4/PEI-Ac NGs are able to
significantly inhibit the growth of tumors, and the Fe3O4/
PEI-Ac NGs/DOX group has a better tumor inhibition effect
than free DOX·HCl group. On the contrary, the drug-free
Fe3O4/PEI-Ac NGs group exhibits the same tumor growth
trend as the PBS control. Further, mice survival rate was used
to evaluate the chemotherapy efficacy of tumors (Figure 7c).
Only mice treated with the Fe3O4/PEI-Ac NGs/DOX
complexes maintain an 80% survival rate during a period of
30 days, while all mice treated with PBS and DOX-free Fe3O4/
PEI-Ac NGs maintain a 40% survival rate, and mice treated
with free DOX·HCl have a survival rate of 60%. Additionally,
the body weights of mice treated with the Fe3O4/PEI-Ac NGs/
DOX complexes do not change drastically (Figure 7d), like

other groups showing the same body weight change with
slightly increasing trend after 15 days of treatment. This
suggests that the treatment of all groups does not seem to
create apparent safety concerns. The biosafety of the Fe3O4/
PEI-Ac NGs/DOX complexes was further assessed through
hematoxylin and eosin (H&E) staining of the major organs of
mice after intravenous injection for 30 days (Figure S5).
Clearly, the injection of the Fe3O4/PEI-Ac NGs/DOX
complexes does not seem to cause any significant damages
to major organs of mice, and there is no significant change in
organ morphology when compared with the PBS control, free
DOX·HCl, and DOX-free Fe3O4/PEI-Ac NGs groups. Our
results suggest that the developed Fe3O4/PEI-Ac NGs/DOX
complexes do not influence the major organs of mice, thus
having a good biosafety profile.

■ CONCLUSION

In summary, we developed a unique method to generate
hybrid PEI-based NGs for tumor theranostics. The pristine
PEI NGs with a size of 137 nm can be formed through an
inverse mini-emulsion approach along with BIS-mediated
cross-linking. Due to the abundant surface amines, the PEI
NGs can be modified with citric acid-stabilized ultrasmall
Fe3O4 NPs through EDC coupling reaction and be further
acetylated to neutralize the remaining surface amines. The
generated hybrid Fe3O4/PEI-Ac NGs can be loaded with
anticancer drug DOX through physical encapsulation and
release the loaded DOX in a pH-dependent manner.
Importantly, the covalent conjugation of ultrasmall Fe3O4
NPs onto the surface of PEI NGs rendered the platform
with significantly improved r1 relaxivity (2.29 mM−1 s−1). With
these properties along with the good cytocompatibility of the
drug-free NGs and the noncompromised therapeutic efficacy in
vitro, the developed Fe3O4/PEI-Ac NGs/DOX complexes
enabled T1-weighted MR imaging-guided tumor chemo-
therapy. The developed hybrid NGs may be further linked
with targeting ligands (e.g., folic acid, peptide, etc.) through
the PEI NG surface amines to realize active targeting of a
specific tumor/disease type, thus holding a great promise to be
used as a versatile theranostic platform to treat other types of
tumors or diseases.

■ EXPERIMENTAL SECTION

Synthesis of PEI NGs Modified with Ultrasmall
Fe3O4NPs (Fe3O4/PEI-Ac NGs). First, ultrasmall citrate-
stabilized Fe3O4 NPs were prepared according to the
literature.21,39 To prepare PEI NGs, Span 80 (1.2 g) was
dissolved in toluene (60 mL) under stirring at room
temperature for 30 min. PEI (272 mg) and BIS (32 mg)
were codissolved in 5 mL of water, dropwise added into the
above solution under stirring for 120 min, followed by
emulsification of the mixture solution through sonication.
After that, triethylamine as a catalyst was added into solution
to initiate the BIS cross-linking of PEI under stirring at room
temperature overnight. Lastly, the NGs were collected by
centrifugation (13 000 rpm, 15 min) and redispersion in
methanol for 3 times to remove toluene, dialyzed against water
(2 L, 6 times) using a dialysis membrane with a molecular
weight cutoff (MWCO) of 8000−14 000 for 3 days,
centrifuged to concentrate the dialysis liquid, and finally
stored in water at 4 °C before use.
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To modify the NGs with ultrasmall Fe3O4 NPs, the citric
acid-stabilized Fe3O4 NPs (50 mg) were dispersed in water (5
mL), activated by EDC (75 mg)/NHS (45 mg), and dropwise
added into the solution of PEI NGs (250 mg, 25 mL in water)
under magnetic stirring at room temperature overnight. The
product was collected through centrifugation (13 000 rpm, 15
min) and redispersion in water for 3 times. After that, the
Fe3O4/PEI NGs were obtained and stored in water at 4 °C.
To render the Fe3O4/PEI NGs with close to neutral surface

charge, the NGs with surface PEI amines were acetylated by
acetic anhydride. In brief, triethylamine (134.1 μL) was
dropwise added into the solution of the Fe3O4/PEI NGs (20
mg, 2 mL) under stirring for 30 min. Then, acetic anhydride
(75.9 μL) was added into the mixture solution under stirring
overnight. The product was purified by membrane dialysis
(MWCO = 8000−14 000) for 2 days, and then the final
product was concentrated through centrifugation and stored at
4 °C.
Drug Loading within and Release from the Hybrid

NGs. The Fe3O4/PEI-Ac NGs (10 mg) were dispersed in 1
mL of phosphate buffered saline (PBS). DOX·HCl was
dissolved in 1 mL of water and mixed with the Fe3O4/PEI-
Ac NG solution at a DOX/NG mass ratio of 0.5, 1, or 2,
respectively under stirring at room temperature overnight.
After that, the mixture solution was centrifuged (13 000 rpm
for 15 min) to precipitate the drug-loaded NGs. The drug-
loaded NGs were washed with water for 3 times and the
supernatants in each step (containing the noncomplexed free
DOX·HCl) were collected. The precipitate was redispersed in
2 mL of PBS and stored at 4 °C. The supernatants were
analyzed via UV−vis spectroscopy. The loading percentage of
DOX in the NGs was calculated by dividing the loaded DOX
(subtraction of the initial added DOX amount with that in the
supernatants) by the mass of the DOX/NGs, while the loading
efficiency was calculated by dividing the mass of loaded DOX
by that of the initial total DOX.
The formed Fe3O4/PEI-Ac NGs/DOX complexes were

dispersed in 1 mL of phosphate buffer with different pHs to
have a DOX concentration of 1 mg/mL, placed into a dialysis
bag with an MWCO of 8000−14 000, and immersed into 9 mL
of phosphate buffer at pH 7.4 or pH 5.5. The whole system
was placed in a shaker at a constant temperature of 37 °C. At
different time points, 1 mL of the outside medium was taken
out and the absorbance at 480 nm was measured using a UV−
vis spectrophotometer. After that, the outer phase was
replenished with 1 mL fresh corresponding buffer solution.
Cell Biological Evaluation and in Vivo Tumor

Theranostics. In vitro cytotoxicity assay, flow cytometric
assay, and confocal microscopic observation were performed to
evaluate the cytotoxicity of the hybrid NGs, the therapeutic
efficacy of the NGs/DOX complexes, and the intracellular
uptake of the NGs/DOX complexes. All animal experiments
were carried out after approval by the ethical committee for
animal care of Donghua University and according to the policy
of the National Ministry of Health. See additional experimental
details in Supporting Information.
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