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To expand clinical applications of indocyanine green (ICG) by overcoming its several drawbacks such as
self-aggregation under physiological conditions, poor aqueous photostability, lack of target specificity
and rapid renal elimination from the body, the functionalized polymeric nanogels with pH-responsive
benzoic-imine cross-linkages employed as carriers for ICG delivery were developed by one-step cross-
linking of the branched poly(ethylenimine)-g-methoxy poly(ethylene glycol) (PEI-g-mPEG) copolymer
with hydrophobic terephthalaldehyde (TPA) molecules in aqueous solution of pH 7.4. Based on the find-
ings of fluorescence, dynamic and static light scattering, and transmission electron microscopy measure-
ments, the resulting polymeric nanogels exhibited a spherical structure comprising multiple hydrophobic
benzoic-imine-rich microdomains covered by positively-charged PEI networks capable of holding large
amounts of water, and hydrophilic mPEG segments. Moreover, the cross-linking of more TPA molecules
with PEI-g-mPEG segments led to the formation of more microdomains inside the polymeric nanogels,
thus making the colloidal structure more hydrophobic and compact. More importantly, through the elec-
trostatic attraction of amphiphilic ICG molecules with protonated PEI segments as well as their
hydrophobic association with microdomains upon 7-7 stacking, the ICG species can be efficiently encap-
sulated into the nanogels. Notably, the robust ICG-loaded nanogels showed several outstanding proper-
ties, including (1) significantly enhanced the photo-stability of ICG in phosphate buffer, (2) considerably
retarded ICG leakage from nanogels at pH 7.8, (3) acid-triggered ICG release by the cleavage of benzoic-
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imine bonds in response to pH reduction from 7.8 to 6.4. This work demonstrates that the pH-responsive
polymeric nanogels have promising potential for tumor-targeted ICG delivery.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Over the past two decades, varied stimuli-responsive polymeric
nanogels utilized as drug delivery systems (DDS) have been exten-
sively developed in view of their enhanced stability in blood circu-
lation, outstanding biocompatibility, superior capability of carrying
various pharmaceutically active ingredients ranging from small
molecule drugs to biomacromolecules, and well-controlled drug
release in response to environmental stimuli (e.g. pH, temperature,
redox, glucose and light) [1-9]. Among these stimuli-responsive
nanogels, the pH-sensitive polymeric nanogels designed as DDS
have continuously captured substantial attention because the
inherent pH difference between the blood/normal tissues (pH
7.4), tumor tissue (pH 7.0-6.5), intracellular acidic endosomes
(pH 5.0-5.5) and lysosomes (pH 4.0-4.5) could be exploited for
pH-triggered tumor-targeted drug delivery and intracellular drug
liberation [10-12]. To date, despite the remarkable advances in
the development of pH-responsive nanogels, several obstacles
including non-biodegradability, incomplete drug release and intri-
cate preparation procedure involving the core/shell cross-linking of
preformed polymeric micelles still largely limit their clinical appli-
cations [13,14].

In order to conquer the above issues, varied acid-labile moieties
such as acetal, orthoester, hydrazone and ketal bonds have been
combined with the hydrophilic polymer chains in simple manner
for fabrication of pH-responsive nanogels [2,15-20]. For example,
Song and co-workers developed the hyaluronic acid (HA)-based
nanogels with ketal-containing cross-linkers by free radical poly-
merization of one-pot process [2]. Through the acid-activated fast
degradation of ketal linkages to destroy nanogels, a burst and sub-
stantial release of doxorubicin (DOX) loaded within nanogels was
achieved under acidic condition. As a result, the pH-responsive
DOX-loaded nanogels showed outstanding antitumor efficacy on
H22 tumor-bearing mice. As reported by Tang’s group, [20] the
acid-degradable nanogels were obtained upon the cross-linking
of carboxymethyl chitosan (CMCS) with cyclic ortho ester-
containing cross-linker by a simple emulsion-solvent evaporation
technique. The resulting nanogels exhibited pH-triggered size
change, degradation and drug release by the hydrolysis of acid-
labile ortho ester bonds under weak acidic condition, thus effec-
tively delivering payloads into tumor-like multicellular spheroids.
However, for these nanogels consisting of the hydrophilic poly-
mers and cross-linkers, their application for the transport of poorly
water-soluble drugs faces challenges due to the lack of hydropho-
bic domains used frequently as binding sites of the lipophilic and
amphiphilic therapeutic agents. In order to selectively deliver
hydrophobic drugs to tumor region by using the pH-sensitive
nanogels, Lee’s group adopted one-step approach to prepare pH-
responsive polymeric nanogels constructed from the cross-
linking of hydrophilic methoxy poly(ethylene glycol)-b-poly[N-[N
-(2-aminoethyl)-2-aminoethyl]-1-glutamate] (mPEG-b-PNLG) with
hydrophobic terephthalaldehyde (TPA) [13]. By the formation of
acid-degradable benzoic-imine bonds [10,13], the resulting
hydrophobic PNLG/TPA core inside nanogels was employed as a
reservoir of hydrophobic DOX in free base form. The DOX-
carrying nanogels underwent acid-triggered disassembly due to
cleavage of benzoic-imine leakages to achieve rapid and efficient
drug release, whereas maintained stable colloidal structure at nor-
mal physiological pH.

Indocyanine green (ICG), an amphiphilic tricarbocyanine dye,
has been approved by the United States Food and Drug Administra-
tion for clinical use of ophthalmology and cardiac imaging [21,22].
Also it can convert near-infrared (NIR) light to generate heat and
reactive oxygen species (ROS) for cancer photothermal and
photodynamic therapy [21,22]. Recently, for expand clinical
applications of ICG by overcoming its several drawbacks such as
self-aggregation under physiological conditions, lack of target
specificity and rapid renal elimination from the body, various
nanoparticles such as liposomes, polymeric micelles, polymer-
somes and nanogels have been created as carriers for ICG delivery
[23,24]. However, for most of the aforementioned pH-responsive
nanogels, due to their innate hydrophilicity and lack of hydropho-
bic domains, the effective and stable loading of ICG are largely lim-
ited. To develop the pH-responsive polymeric nanogels capable of
realizing sufficient ICG loading and well-controlled ICG release, in
this work, the benzoic-imine-bearing poly(ethylenimine) (PEI)-g-
mPEG copolymer was synthesized and further covalently cross-
linked with hydrophobic TPA molecules upon the formation of
extra acid-labile benzoic-imine cross-linkages between primary
amine of PEl and aldehyde of TPA (Scheme 1). Moreover, the struc-
tural characteristics of polymeric nanogels formed at different TPA
concentrations and their pH-responsive properties were investi-
gated by dynamic/static light scattering (DLS/SLS) technique,
transmission electron microscopy (TEM), fluorescence and zeta
potential measurements. Through the hydrophobic association of
ICG molecules with the positively-charged and benzoic-imine-
containing polymeric nanogels upon the combined electrostatic
interaction and m-m stacking, the ICG-carrying polymeric nanogels
were attained. Furthermore, the optical and colloidal stability of
ICG-encapsulated nanogels and their cargo release profiles in
response to pH change were further studied to evaluate the poten-
tial of ICG-loaded polymeric nanogels for the application of cancer
diagnosis and treatment.

2. Experimental section
2.1. Materials

ICG (95.4%) was purchased from Chem-Impex (USA). mPEG (M.
W. = 1.9 kDa, 98%), branched PEI (M.W. = 1.8 kDa, 99%), TPA (98%)
and pyrene (98%) were acquired from Alfa Aesar (USA). p-
formylbenzoic acid (95%), N-hydroxysuccinimide (NHS, 98%),
N,N'-dicyclohexylcarbodiimide (DCC, 99%), 4-dimethylaminopyridine
(DMAP, 98%) and D,0 (99.9 atom % D) were purchased from
Sigma-Aldrich (USA). Deionized water was produced from Milli-Q
Synthesis (18 MQ, Millipore). All other chemicals were reagent
grade and used as received.

2.2. Synthesis of methoxy poly(ethylene glycol) benzaldehyde (mPEG-
CHO)

The mPEG-CHO utilized in the work was synthesized
by the DCC/DMAP-mediated esterification of mPEG with
p-formylbenzoic acid as illustrated in Scheme 2. p-formylbenzoic
acid (4.73 g, 3.15 x 1072 mol), mPEG (6 g, 3.15 x 10~3 mol), DCC
(6.52 g,3.15 x 10~2 mol) and DMAP (0.96 g, 7.89 x 10~ mol) were
dissolved in dry DCM (100 mL). The reaction was performed under
stirring at room temperature for 24 h. After being filtrated to
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Scheme 1. Illustration of development of pH-responsive ICG-loaded polymeric nanogels for controlled ICG release.

remove dicyclohexylcarbodiurea, the solution was concentrated by
a rotary evaporator. Subsequently, the product was collected by
precipitation from cold diethyl ether and washed with isopropanol.
The product was dried under vacuum at room temperature
overnight.

2.3. Synthesis of benzoic-imine-containing PEI-g-mPEG

The synthesis of PEI-g-mPEG based on Schiff base reaction of
mPEG-CHO and branched PEI is illustrated in Scheme 2. Briefly,
PEI (100 mg), mPEG-CHO (20 mg) and DMAP (10 mg) were directly
dissolved in DMSO (2.0 mL). The solution was stirred at room tem-
perature for 72 h and then dialyzed (Cellu Sep MWCO 3500)
against 0.01 M pH 7.4 phosphate buffer at 4 °C to remove DMSO.
Finally, the product was collected by lyopholization.

2.4. Characterization of mPEG-CHO and benzoic-imine-containing PEI-
g-mPEG

The chemical structures of mPEG-CHO and PEI-g-mPEG were
analysed by Fourier transform infrared (FT-IR) spectroscopy (FT-
720, HORIBA, Japan) using KBr pellet, and proton nuclear magnetic
resonance ('"H NMR) spectroscopy (Agilent DD2 600 MHz NMR
spectrometer) using D,O as the solvent. Moreover, the molecular
weight (My,) and polydispersity index (PDI) of mPEG-CHO and
PEl-g-mPEG were measured by gel permeation chromatography
(GPC) (Agilent 1100, PL aqueous 30 column, separation range
100-30,000 Da), calibrated with PEG standards of known molecu-
lar weights with narrow molecular weight distributions, using pH
7.4 phosphate buffer as the eluent at a flow rate of 0.3 mL/min and
25 °C under refractive index detector (Agilent 1100).

2.5. Preparation of pristine polymeric nanogels and ICG-loaded
polymeric nanogels

First, PEI-g-mPEG (2.0 mg) was dissolved in pH 7.4 phosphate
buffer (1.8 mL). Subsequently, the DMSO solution containing TPA

with different concentrations (0.2 mL) was added dropwise into
the aqueous copolymer solution under stirring. The mixture was
mildly stirred at room temperature for 24 h and then dialyzed
(Cellu Sep MWCO 12000 ~ 14000) with pH 7.8 phosphate buffer
at 4 °C to remove DMSO. For preparation of ICG-loaded polymeric
nanogels, the DMSO solution containing ICG (2.0 mg/mL, 0.05 mL)
was slowly dropped into the aqueous nanogel suspension (pH 7.4)
under stirring and stirred at room temperature for 1 h. Through the
dialysis (Cellu Sep MWCO 12,000-14,000) of the ICG-containing
suspension against 0.01 M pH 7.8 phosphate buffer at 4 °C for
24 h to eliminate unloaded ICG and DMSO, the purified ICG-
loaded nanogels were attained.

2.6. Structural characterization

The mean hydrodynamic particle diameter (D,) and particle
size distribution of pristine nanogels and ICG-loaded nanogels in
aqueous solutions were measured by a Brookhaven BI-200SM
goniometer equipped with a BI-9000 AT digital correlator using a
solid-state laser (35 mW, A = 637 nm) detected at a scattering angle
of 90°. The data presented herein represent an average of at least
triplicate measurements. Also, the angular dependence of the auto-
correlation functions was evaluated with the above instrument.
Correlation functions were analyzed by the cumulant method at
different angles. To explore the morphology of pristine polymeric
nanogels, the ratio of the root-mean-square radius of gyration
(Rg) to the mean hydrodynamic radius (R,) of nanogels was
attained by dynamic and static light scattering (DLS/SLS) measure-
ments using the same instrument. For the quantitative determina-
tion of Ry of polymeric nanogels, the Berry plot of the scattering
intensity (Io4/?) versus the square of the scattering vector (q?)
was acquired by the angle-dependent measurements of the light
scattering intensity. On the other hand, the zeta potential of poly-
meric nanogels in aqueous solutions was determined by a Nano-
brook 90Plus PALS (Brookhaven, USA).

In order to quantify ICG loaded within nanogels, a preset vol-
ume of the purified drug-loaded nanogel solution was freeze-
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Scheme 2. Synthetic route of the mPEG-CHO and benzoic-imine-containing PEI-g-mPEG copolymer.

dried and then re-dispersed into pH 5.0 aqueous solution to
destroy nanogel structure for drug extraction. The amount of ICG
encapsulated was determined using a UV/Vis spectrophotometer
(U2900, Hitachi, Japan). The absorbance of ICG at 719 nm was
recorded. The calibration curve used for drug loading analysis
was established by absorbance of ICG with varying concentrations
in aqueous solution of pH 5.0. Drug loading efficiency (DLE) and
drug loading content (DLC) were estimated by the following
formulas

DLE (%) = (weight of loaded ICG/weight of ICG in feed) x 100%.

DLC (%) = (weight of loaded ICG/total weight of the purified ICG
—loaded nanogel solution after lyophilization) x 100%.

2.7. Fluorescence measurements

Pyrene, a nonpolar probe, was used in fluorescence characteri-
zation. Aliquots (20.0 L) of pyrene in acetone (3.0 x 107> M) were
evaporated in vials, followed by addition of the aqueous nanogel
suspensions (1.0 mL) at the predetermined pH. The resulting sam-
ple was kept at 4 °C for 12 h to obtain the nanogel dispersions with
a constant pyrene concentration of ca 6.0 x 10~ M. The fluores-
cence emission spectra of pyrene in the nanogel dispersions were

attained using a Hitachi F-2700 fluorescence spectrometer. The
excitation was performed at 336 nm and the emission was
recorded in the range from 350 to 500 nm. The fluorescence inten-
sity ratios (Is/I;) of the third vibrionic band at 385.5 nm to the first
at 373.5 nm of pyrene in the nanogel solutions were obtained.

2.8. Transmission electron microscopy (TEM) examination

TEM images of pristine polymeric nanogels and ICG-loaded
nanogels were acquired from a JEOL JEM-1400 CXII microscope
operating at an accelerating voltage of 120 kV. Samples were pre-
pared by placing a few drops of the nanogel solution on a 300-
mesh copper grid covered with carbon and then negatively stained
with uranyl acetate (2.0 wt%) for 30 s and dried at 25 °C for 2 days
before TEM observation.

2.9. In vitro ICG release profiles

For ICG release study, the ICG-loaded nanogel solutions (3.0 mL)
was dialyzed (Cellu Sep MWCO 12,000 ~ 14,000) against phosphate
buffer (pH 7.8) and acetate buffer (pH 6.4) (40 mL), respectively,
under gentle shake (100 rpm) at 37 °C. The internal sample solu-
tion was withdrawn periodically for determination of maximum
ICG absorbance. The sample solution was placed back into the dial-
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ysis tube after each measurement. The cumulative ICG release (%)
was calculated by the formula:

Cumulative ICG release(%)
= ((Initial ICG absorbance — ICG absorbance at different
time points)/initial ICG absorbance) x 100%.

3. Results and discussion
3.1. Synthesis and characterization of mPEG-CHO

The mPEG-CHO employed in this work was attained by the
DCC/DMAP-mediated  esterification of mPEG with p-
formylbenzoic acid [25]. As shown in Fig. 1, the FT-IR spectrum
of p-formylbenzoic acid exhibited the characteristic absorption
band at 1691 cm™' from C=0 stretching vibration of aldehyde
and carboxylic acid groups. After p-formylbenzoic acid was conju-
gated with mPEG, the FT-IR spectrum of mPEG-CHO displayed the
characteristic absorption bands at 1110 cm™! and 2881 cm™! for
C—0 and C—H stretching vibration of mPEG, respectively, and at
1641 and 1700 cm™! for C=0 stretching vibration of ester and
aldehyde groups, respectively, which were absent in mPEG. This
indicates the successful conjugation of mPEG and p-
formylbenzoic acid. Moreover, as shown in the "H NMR spectrum
of mPEG-CHO in D,0 (Fig. 2a), based on the signal integral ratio
of the aldehyde proton of p-formylbenzoic acid at 6 10.1 ppm
and the methyl protons of mPEG at é 3.4 ppm, the coupling effi-
ciency was estimated to be ca. 95%.

3.2. Synthesis and characterization of benzoic-imine-containing PEI-g-
mPEG

The PEI-g-mPEG with benzoic-imine linkages was prepared by
Schiff base reaction between primary amine and aldehyde groups
from branched PEI and mPEG-CHO segments, respectively. As pre-
sented in the FT-IR spectrum of PEI-g-mPEG (Fig. 1e), in addition to
a complete disappearance of feature band of C=0 stretching vibra-
tion of aldehyde group at 1700 cm™', the characteristic absorption
bands at 1110 and 3300-3500 cm ™' ascribed to C—O stretching
vibration of mPEG-CHO and N—H stretching vibration of PEI,
respectively, were observed. Also, the 'H NMR spectrum of PEI-g-
mPEG (Fig. 2b) showed the disappearance of the proton signal of
aldehyde group at 6 10.1 ppm from mPEG-CHO and the appearance
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of HC = N proton signal of benzoic-imine group at 6 8.2 ppm.
According to the signal integral ratio of the methyl protons of
mPEG at 6 3.4 ppm and the ethylenimine protons of PEI at ¢
2.6 ppm, 1.2 mol % of EI units in PEI was conjugated with mPEG-
CHO segments. The molecular weight of PEI-g-mPEG was calcu-
lated to be 2750 g/mol by 'H NMR analysis. As revealed in
Fig. S1, the GPC curve of the resultant PEI-g-mPEG shifts toward
a higher molecular weight compared to that of mPEG-CHO and
branched PEI. The molecular weight of PEI-g-mPEG determined
by GPC is ca. 2560 g/mol, which agrees with the result of 'H
NMR analysis. These findings clearly illustrate the successful con-
jugation between PEI and mPEG-CHO segments upon the forma-
tion of benzoic-imine bonds.

In order to attain the polymeric nanogels with different CHO/
NH; ratios by adjusting the concentration of PEI-g-mPEG and TPA
in feed, the PEI content of PEI-g-mPEG was calculated to be ca.
65 wt% by the formula:

100 x M.WEI
(Grafting ratio x M.W.PEG) + (100 x M.W .EI)
x 100%.

Weight fraction(%PEI) =

Based on the obtained PEI content of PEI-g-mPEG, the NH, con-
tent of PEI-g-mPEG of 1.0 mg was calculated to be ca. 4.8 mmol.

3.3. Development and characterization of PEI-g-mPEG/TPA nanogels

Due to the formation of acid-degradable benzoic-imine cross-
linkages, the colloidal structure was developed at pH 7.4 by the
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covalent cross-linking of the PEI-g-mPEG segments with TPA mole-
cules of different concentrations. In the absence of TPA molecules
(CHO/NH; ratio = 0), the PEI-g-mPEG copolymer solution
(1.0 mg/mL) exhibited a very low light scattering intensity and
nearly transparent state (Fig. 3a and b), reflecting that the graft
copolymer exists in highly hydrated and unimolecular form. Nota-
bly, as the CHO/NH, ratio in feed was increased from 0.4 to 1.6, in
addition to the considerable reduction of mean hydrodynamic
diameter (Dy,) of the resulting colloidal particles from 2000 nm to
158 nm, an appreciable rise in the light scattering intensity of poly-
meric colloidal solutions was observed in DLS characterization
(Fig. 3a). Corresponding to the DLS data, the phase transition of
PEI-g-mPEG/TPA mixture solutions from clear to opaque state with
increasing CHO/NH, ratios as shown in Fig. 3b is indicative of
development of polymeric colloidal structure. It is worthy to note
that the nanogels formed at a CHO/NH; ratio of 2.3 exhibit a smal-
ler size (ca. 120 nm) and relatively narrow particle size distribution
(PDI 0.12) compared to those fabricated at CHO/NH, ratios of 0.4
and 1.2 (Fig. 3c). In addition, the polymeric nanogels (CHO/NH,
ratio = 2.3) have a nearly neutral surface as reflected by the slightly
positive values (+4.3 mV) of their zeta potential. With the CHO/NH,
ratio being further elevated from 2.3 to 3.9, the visibly enlarged
particle size and size distribution of the polymeric nanogels were
attained by both DLS and TEM measurements (Fig. 3¢ and
Fig. S2), implying the occurrence of nanogel agglomeration. Herein,
the formation of polymeric colloidal structure could involve the
following processes. At first, the hydrophilic PEI-g-mPEG segments
after being conjugated with hydrophobic TPA molecules via
benzoic-imine bonds could transform to the amphiphilic property.
Subsequently, the nt-1 stacking-elicited self-assembly of amphiphi-
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lic TPA-conjugated PEI-g-mPEG segments and their covalent cross-
linking generate the colloidal particles (Scheme 1). According to
the DLS results, it was assumed that the cross-linking of PEI-g-
mPEG segments with a small number of TPA molecules (CHO/
NH; = 0.4) could tend to form quite loose and large colloidal struc-
ture due to the lack of adequate benzoic-imine cross-linkages. By
increasing TPA concentration, the development of more benzoic-
imine cross-linkages within the polymeric nanogels could endow
the resulting nanogels with relatively hydrophobic and robust
structure. As a consequence, the polymeric nanogels formed at a
CHO/NH; ratio of 2.3 suffering large-volume dilutions with phos-
phate buffer maintained virtually unvaried particle size (Fig. 3d).
On the other hand, it was found that the cross-linking of PEI seg-
ments instead of PEI-g-mPEG with TPA species at a CHO/NH, ratio
of 2.3 was apt to produce quite huge colloidal particles (ca.
413 nm) with positively-charged surface (+12.7 mV) as presented
in DLS data (Fig. S3). Also a substantial aggregation of PEI/TPA-
based colloidal particles was observed in TEM images (Fig. S4).
Such a difference in the particle size and zeta potential between
the aforementioned colloidal particles clearly elucidates that, dur-
ing self-assembly and cross-linking of PEI-g-mPEG copolymer
chains and TPA molecules, the hydrophilic mPEG grafts have high
tendency of residing at the surfaces of polymeric nanogels to effec-
tively not only prevent colloidal particles from aggregation and
inter-particle cross-linking upon their steric repulsion effect, but
also shield the surface positive charges.

In order to get insight into the effects of CHO/NH, ratios on the
colloidal structure, fluorescence characterization of the polymeric
colloidal solutions at pH 7.8, using pyrene as the probe, was con-
ducted. Because the nonpolar pyrene molecules tend to diffuse into
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Fig. 3. (a) Hydrodynamic diameters and light scattering intensity of polymeric colloidal particles with various CHO/NH, ratios in aqueous solutions of pH 7.8. (b) Photographs
of aqueous solutions of polymeric colloidal particles with various CHO/NH, ratios. (c) DLS size distribution profiles of polymeric colloidal particles with various CHO/NH,
ratios in aqueous solutions of pH 7.8. (d) Hydrodynamic diameters of polymeric nanogels (CHO/NH, ratio = 2.3) after phosphate buffer dilution.
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the hydrophobic domains of aqueous polymer solutions, the fluo-
rescence intensity ratio (Is/I;) of pyrene can reflect the hydropho-
bicity nature of the polymeric assemblies [26-28]. As shown in
Fig. 4, in the absence of TPA molecules, the I5/I; value of pyrene
in aqueous solution of PEI-g-mPEG determined to be ca. 0.59 com-
parable to that of pyrene alone in water demonstrates that the PEI-
g-mPEG segments existed in the highly hydrated unimer state.
Notably, the I3/I; value of pyrene in polymeric colloidal solutions
was significantly increased from 0.63 to 0.92 with the CHO/NH,
ratio being adjusted from 0.4 to 3.9. This strongly verifies our pos-
tulation that the addition of more TPA molecules to cross-link PEI-
g-mPEG segments enables the formation of more benzoic-imine
linkages inside the polymeric nanogels, thus making the colloidal
structure more hydrophobic.

For the purpose of investigating the geometric characteristics of
polymeric nanogels, the variable angle DLS and SLS measurements
were executed in combination with TEM observation. In the angle-
dependent DLS measurement of polymeric nanogels with CHO/
NH, ratios of 2.3 and 1.2 dispersed in aqueous solution (pH 7.8),
a linear relationship between the relaxation frequency (I") and
the square of the scattering vector (q2) was attained as presented
in Fig. 5a and b. This suggests that these polymeric nanogels in
aqueous solutions display a spherical shape [4,29,30]. Also the R
value of polymeric nanogels with CHO/NH, ratios of 2.3 and 1.2
was determined to be 65.7 nm and 109.3 nm, respectively, from
the Berry plot of Iz)/? versus q> by angle-dependent SLS analysis
(Fig. 5a and b). Considering that R, is intimately related to the
mean distance of individual groups that fabricate the target assem-
bly to its mass center, whereas Ry, is the radius of a theoretical solid
sphere that diffuses with the same speed as the target under mea-
surement [31], the Rg/Ry, ratio is sensitive to the topology of poly-
meric assemblies [32-34]. Notably, for the polymeric nanogels
with CHO/NH, ratios of 2.3 and 1.2, the obtained Rg/R;, values of
ca.1.09 and 1.29, which are close to the Rg/Ry, values (0.9-1.3) of
various cationic nanogels reported elsewhere [32], strongly
demonstrates that the gel-like spheres can be generated by the
cross-linking of PEI-g-mPEG segments with TPA molecules, but
lack the single hydrophobic core (note that a Rg/Ry, value of 0.77
signifies the construction of solid sphere-like nanoparticles). Dis-
tinct from the cross-linking of mPEG-b-PNLG and TPA to form poly-
meric nanogels with single hydrophobic PNLG/TPA-constituted
core structure as reported by Lee’s group [13], in this work, due
to the inter-chain electrostatic repulsion force of the positively-
charged PEI-g-mPEG segments as well as their branched shape-
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Fig. 4. Fluorescence intensity ratio (I3/I;) of pyrene in aqueous solutions of
polymeric colloidal particles with different CHO/NH, ratios.

induced steric hindrance, during cross-linking of PEI-g-mPEG and
TPA, the resulting benzoic-imine linkages undergoing m-m stacking
inclined to form multiple hydrophobic microdomains instead of
single hydrophobic core (Scheme 1). Moreover, the lower Rg/Ry
ratio (ca. 1.09) of polymeric nanogels with a CHO/NH, ratio of
2.3 than that (ca. 1.29) of the polymeric nanogels with a CHO/
NH, ratio of 1.2 reflects that the colloidal structure of the former
is constructed by tight cross-linking of PEI-g-mPEG segments with
numerous hydrophobic microdomains. A similar finding regarding
the effects of cross-linking degree of polymeric nanogels on their
Rg/Ry, ratios was also reported elsewhere [34].

On the other hand, the TEM images in Fig. 5¢ showed that the
polymeric nanogels (CHO/NH, ratio = 2.3) were well-dispersed
and spherical. Similar TEM images of the spherical polymeric nano-
gels with negative staining were also observed elsewhere [35-37].
By contrast, as revealed in Fig. 5d, the polymeric nanogels (CHO/
NH; ratio = 1.2) showed an non-spherical form. Such a difference
in the morphology of dried nanogels illustrates that the sufficient
cross-linking of PEI-g-mPEG segments with TPA molecules (CHO/
NH; ratio = 2.3) renders the nanogels with a robust structure to
resist the deformation during the removal of water molecules from
the nanogels for TEM sample preparation. Furthermore, due to the
transition of nanogels from swollen state (DLS) to dried state
(TEM), the particle sizes of polymeric nanogels determined by
DLS are somewhat larger than those observed by TEM [38,39].
Based on the above data, the PEI-g-mPEG/TPA polymeric nanogels
attained at a CHO/NH, ratio of 2.3 showed the robust colloidal
structure, relatively small particle size and narrow size distribu-
tion, thereby being employed for subsequent experiments.

In view of the polymeric nanogels comprising acid-labile
benzoic-imine cross-linkages, they are expected capable of show-
ing pH-responsive property. As presented in Fig. 6a, the prominent
phase transition of nanogel solutions from opaque to transparent
state was observed with the solution pH being adjusted from 7.8
to 6.4. Moreover, when the medium pH was lowered from 7.8 to
6.4, the particle size of polymeric nanogels was markedly enlarged
from 120 to 520 nm at 4 h post pH stimulation and then signifi-
cantly decreased to below 5 nm at 24 h post pH stimulation
(Fig. 6b), indicating swollen and disintegration of the nanogels
under weak acidic condition. In agreement with the DLS character-
ization, very few aggregates with particle size less than 10 nm
were also observed in TEM images of polymeric nanogels at pH
6.4 (Fig. 6¢). Furthermore, Fig. 6d showed a remarkable decline in
I3/1; ratio of pyrene in the nanogel solutions from 0.78 to 0.59 in
response to pH reduction. These results reveal that the stable
nanogels undergoing acid-triggered extensive cleavage of
benzoic-imine bonds could be completely disassociated into highly
hydrated polymeric segments such as PEI and mPEG-CHO
(Scheme 1). On the other hand, with the medium pH being
adjusted from pH 7.8 to 6.4, the increased protonation of amine
groups of PEI segments as reported elsewhere [40] and the destruc-
tion of polymeric nanogels led to a considerable change of the zeta
potential from +4.3 mV (pH 7.8) to +41.0 mV (pH 6.4).

3.4. ICG loading and in vitro release

In this work, it was expected that the amphiphilic sulfonate
group-containing ICG molecules could be stably enclosed in the
nanogels by forming hydrophobic ionic complexes with
positively-charged PEI segments via electrostatic interaction and
associating with hydrophobic benzoic-imine-rich microdomains
upon m-7 aromatic stacking. In order to verify the feasibility of
the concepts, ICG in DMSO was added dropwise to phosphate buf-
fer (pH 7.8) containing PEI segments. Remarkably, compared to
well dispersion of ICG alone in aqueous solution over 1 h, substan-
tial green precipitates were instantly generated at the bottom of
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the ICG/PEI mixture solution (Fig. 7a), being indicative of the for-
mation of hydrophobic ICG/PEI ionic complexes. Based on this
observation, ICG molecules were added to the nanogel solution
for preparation of ICG-loaded nanogels. It should be noted that
the attained ICG-loaded nanogels were well suspended in the
aqueous phase compared to obvious phase separation of the ICG/
PEI complexes from the aqueous solution (Fig. 7a). As shown in
DLS results (Fig. 7b), the ICG-loaded polymeric nanogels exhibited
the particle size (ca. 129 nm) and particle size distribution (PDI
0.24) similar to the pristine nanogels. The findings illustrate that
the ICG/PEI ionic complexes could be formed inside the nanogels
and effectively stabilized by the outer hydrophilic mPEG segments
(Scheme 1). Also, the development of m-m aromatic stacking
between the benzoic-imine-rich microdomains and ICG species
certainly promotes the stability of ICG/PEI complexes. Conse-
quently, the ICG-loaded nanogels have adequate drug loading effi-
ciency (60.5%) and content (1.7 wt%). Importantly, the DLS data

revealed that, as the solution pH being adjusted from 7.8 to 6.4,
the particle size of ICG-loaded nanogels was significantly enlarged
from 129 nm to 1029 nm and their zeta potential was increased
from + 4.9 mV to + 22.6 mV. Moreover, a visible transformation
in the morphology of ICG-loaded nanogels from well-dispersed
spherical form to irregular-shape aggregates in response to pH
reduction was observed by TEM (Fig. 7 c and d). The DLS and
TEM characterization clearly indicate that the colloidal structure
of ICG-loaded nanogels could be considerably destroyed upon
acid-induced disruption of benzoic-imine-based microdomains,
thus facilitating the liberation of inner ICG/PEI complexes and their
further aggregation in the lack of PEG stabilization effect.

As shown in Fig. 7e, in phosphate buffer (pH 7.8), two character-
istic absorption peaks of ICG (20 uM) at ~ 715 nm and 776 nm cor-
responding to its H-like aggregates and monomers, respectively,
were observed, being consistent with the observation by several
research groups [41,42]. Notably, as ICG molecules were encapsu-
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lated into the polymeric nanogels, the maximum absorption peak
of ICG showed a considerable red shift from 776 to 802 nm. This
is primarily because the microstructure of ICG was influenced by
its binding with PEI segments and association with the hydropho-
bic microdomains within the nanogels. Such a red shift in the max-
imum absorption peak of ICG encapsulated within hydrophobic
core of various polymeric nanoassemblies was also reported in sev-
eral literatures [38,43-45]. Interestingly enough, with the pH being
adjusted from 7.8 to 6.4, distinct from the nearly unchanged
UV/Vis absorption spectra of free ICG solution, an appreciable vari-
ation in the UV/Vis absorption spectra of ICG-loaded nanogel solu-
tion was observed. In view of the UV/Vis spectrum of amphiphilic
ICG in aqueous solution reflecting its aggregation behaviour,
[41,42] it was assumed that the aggregation fashion of ICG could
be significantly affected by the pH-responsive structural transfor-
mation of ICG-encapsulated polymeric nanogels. Here we define
\lf = Amonomer/AH-like aggregates where Amonomer and Ag_jike aggregate dI'€
the absorbance of monomer and H-like aggregate of ICG, respec-
tively. The s value of ICG-carrying nanogels at pH 7.8 obtained to
be ca. 1.21 indicates that most of the added ICG molecules prefer
to combine with hydrophobic microdomains as monomers, result-
ing in reduced amounts of ICG available for H-like aggregates. An
appreciable decline in the s of ICG-loaded nanogels from 1.21 to
0.77 in response to pH reduction from 7.8 to 6.4 implies that the
ICG molecules released from dissociated microdomains are apt to
form H-like aggregates by binding to PEI segments. In agreement
with the UV/Vis spectrum of ICG-loaded nanogels at pH 6.4, no
significant feature absorption peak of ICG monomer was observed
in UV/Vis spectrum of ICG/PEI mixtures in aqueous solution
(Fig. 7e), evidently proving that the resultant ICG/PEI complexes
could assist the formation of H-like ICG aggregates.

Considering that the promoted photostability of ICG in aqueous
solution is a prerequisite for potent cancer theranosis, the optical
stability of the ICG-loaded nanogels in aqueous phase (pH 7.8)
was evaluated by observing the change in absorbance over time.
Based on the UV/Vis absorption spectra of free ICG and ICG-
loaded nanogels (ICG concentration = 20 uM) (Fig. S5), the maxi-
mum absorbance of ICG at each prescribed time is normalized to
that at the beginning. Notably, distinct from the remarkable
decrease in the normalized absorbance of ICG in aqueous solution
over 7 days owing to its self-aggregation and degradation,
[35,43,46] the variation in ICG absorbance of ICG-loaded nanogels
with time was visibly lower (Fig. 7f), indicating that the encapsu-
lation of ICG within nanogels could sufficiently inhibit self-
aggregation and degradation of ICG in the aqueous phase. Besides,
the ICG-loaded nanogels in aqueous solution (pH 7.8) remained
virtually unchanged particle size during 7 days (Fig. S6). These
findings reveal that the ICG-loaded nanogels possessed sound
aqueous photo-stability and colloidal stability.

More importantly, as shown in Fig. 8, the ICG release from ICG-
loaded nanogels in the aqueous solution (pH 7.8) is remarkably
lowered (ca. 8% over 10 h) in comparison with the quick diffusion
of free ICG molecules (over 70%) within 10 h through the dialysis
membrane in the same medium. This evidently illustrates that
the inner ICG/PEI ionic complexes stabilized by the benzoic-
imine-rich microdomains can effectively hinder ICG liberation
from nanogels. Notably, for ICG-loaded nanogels, the ICG release
was largely promoted at pH 6.4 (ca. 65%) compared to at pH 7.8
(ca. 23%) over 24 h. This indicates that the disassembly of ICG-
loaded nanogels driven by acid-triggered cleavage of numerous
benzoic-imine cross-linkages could effectively promote the release
of ICG/PEI complexes from nanogels, thereby further accelerating
ICG liberation (Scheme 1). As mentioned by some literatures
[47-49], the efficacy of nanoparticulate photodynamic therapy is
often compromised by the short life time (<40 ns) and limited
diffusion radius (less than 20 nm) of singlet oxygen as well as
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Fig. 8. Cumulative ICG release profiles of ICG-loaded nanogels in aqueous solutions
of pH 7.8 and 6.4 at 37 °C. For comparison, diffusion of free ICG across the dialysis
membrane in aqueous solution of pH 7.8 is included.

uncontrolled intracellular distribution of photosensitizer. This
makes the precise intracellular release of ICG highly desirable. In
this work, the developed ICG-loaded nanogels probably achieve
intracellular ICG release by acid-activated cargo release, and gener-
ate heat and singlet oxygen throughout tumor tissue under NIR
irradiation, thus showing great promise in boosting the antitumor
efficacy of photodynamic and photothermal therapy. That being
said, measurement of release of hydrophobic compounds from col-
loidal systems by dialysis makes it difficult to infer the true kinet-
ics of release from the material under biological conditions,
nevertheless the data indicate that the dye is not irreversibly
bound to the gel. Furthermore, a relatively high viability (above
90%) of TRAMP-C1 cells incubated with pristine polymeric nano-
gels in the concentration range 14-875 pg/mL for 24 h was
observed (Fig. S7). This indicates that the polymeric nanogels have
essentially no toxicity, thus being suitable for application of drug
delivery carriers.

4. Conclusions

To develop the pH-responsive nanogels for effective ICG deliv-
ery, the branched PEI-g-mPEG copolymer was synthesized and fur-
ther covalently cross-linked with hydrophobic TPA molecules upon
the formation of acid-labile benzoic-imine bonds. Based on the
results of fluorescence and angle-dependent DLS/SLS measure-
ments, the resulting polymeric nanogels have a spherical shape
comprising multiple inner benzoic-imine-rich microdomains
stabilized by protonated PEI and hydrophilic mPEG segments.
Moreover, the addition of more TPA molecules to cross-link
PEI-g-mPEG segments enables the formation of more microdo-
mains inside the polymeric nanogels, thus making the colloidal
structure more hydrophobic and dense. Taking the advantage of
forming ionic complexes with positively-charged PEI segments
and 7-7 stacking with hydrophobic microdomains, the amphiphi-
lic ICG can be effectively encapsulated into the polymeric nanogels.
Notably, the ICG-loaded nanogels can considerably enhance the
photo-stability of ICG in phosphate buffer and reduce ICG leakage
from nanogels. The ICG-loaded nanogels undergoing acid-triggered
disassembly due to cleavage of benzoic-imine bonds can apprecia-
bly promote ICG release. Although further studies on the in vitro
cell uptake and the NIR-induced cytotoxicity and the in vivo bio-
logical performance as a drug delivery carrier are essential, the
pH-responsive polymeric nanogels show superiority in carrying
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ICG molecules and controlling ICG release, thus have great poten-
tial for improved ICG delivery.
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