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Abstract
Hybrid micro-/nanogels are playing an increasing important

part in a diverse range of applications, due to their tunable

dimensions, large surface area, stable interior network

structure, and a very short response time. We review recent

advances and challenges in the developments of hybrid

micro-/nanogels toward applications for optical sensing of

pH, temperature, glucose, ions, and other species as well as

for intracellular imaging. Due to their unique advantages,

hybrid micro-/nanogels as optical probes are attracting

substantial interests for continuous monitoring of chemical

parameters in complex samples such as blood and bioreactor

fluids, in chemical research and industry, and in food quality

control. In particular, their intracellular probing ability

enables the monitoring of the biochemistry and biophysics

of live cells over time and space, thus contributing to the

explanation of intricate biological processes and the devel-

opment of novel diagnoses. Unlike most other probes, hybrid

micro-/nanogels could also combine other multiple functions

into a single probe. The rational design of hybrid micro-/

nanogels will not only improve the probing applications as

desirable, but also implement their applications in new

arenas. With ongoing rapid advances in bionanotechnology,

the well-designed hybrid micro-/nanogel probes will be able

to provide simultaneous sensing, imaging diagnosis, and

therapy toward clinical applications.
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G
els are soft materials that combine the properties

of solids and fluids. Typically, polymer gel is

comprised of a three-dimensional cross-linked

polymer network that has a high number of hydrophilic

groups or domains (1�6). This network has a high affinity

for water, but is prevented from dissolving due to the

chemical or physical bonds formed between the polymer

chains. It is the high water content that gives rise to

the fluid-like transport properties for the molecules
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significantly smaller than the gel pore size. The unique

physical properties resulted from this unusual state of

matter make gels ideal candidates for a number of

applications. One of the most promising uses comes in

the form of a three-dimensional matrix for optical

sensors, in which optical moieties such as organic dye,

conjugated polymer or fluorophore-contained polymer,

semiconductor quantum dots (QDs), and noble metal

nanoparticles (NMNPs) could be incorporated into the

polymer gel network (7�12).

To be applied in biomedical areas such as in vivo

biological sensors and imaging diagnostics, stable colloi-

dal particles made from gels (also referred to micro- or

nanogels) are highly desirable, particularly in an optical

sensor based on the volume changes of stimuli-responsive

polymers. The swelling and shrinking processes of gels are

determined by the collective diffusion of the polymer

networks in a fluid, which is associated with the bulk

counterflow of the fluid through the polymer networks.

The characteristic time period that describes the volume

change of gels has been found to be approximately

proportional to the square of the characteristic length

of the gel (13, 14). Thus, the response speed can be

improved predominantly by two methods: the introduc-

tion of porosity into the gel and the downsize approach

(12). The latter approach is preferable for the develop-

ment of optical sensors/labels toward in vivo sensing and

cell imaging. In contrast to bulk gel, the micro-/nanogels

could be dispersed in water but preserving a high stable

structure. In this review, we will focus on those hybrid

micro-/nanogels that are constructed by immobilization

of dye molecules, QDs, and/or NMNPs in the polymeric

micro-/nanogels. Technically, the systems of polymer

micro-/nanogels containing conjugated polymer or

fluorophore-contained polymer are not hybrids, but we

will still refer to the relative works here.

Apart from the tunable dimension and the rapid

response, the hybrid micro-/nanogels as optical probes

offer several advantages over the individual component

of dye molecule, QD, or NMNP for optical sensing and

cellular imaging. Although Au NPs are usually addressed

as biocompatible, the cytotoxicity of the available dyes,

QDs and NMNPs, is sometimes a problem. These optical

moieties may also affect the immunological response of

cells (15). Furthermore, the QDs and NMNPs are

insensitive to local environmental change to reversibly

convert the signals. In an attempt to solve these problems,

several successful approaches have been developed to link

ligands to these optical moieties, including derivation,

non-specific adsorption, electrostatic interaction, mer-

capto (�SH) exchange, and so on (16�21). A recent work

has linked the pH-responsive polymer to Au NPs,

resulting in nanoconjugates that are responsive to pH

(22). Although significant benefits have been achieved, a

general concern is that the binding is dynamic and may

become not very strong after long circulation. Unlike

these methods, the hybrid micro-/nanogels exploit the

polymer gel networks as platforms for immobilizing

optical moieties. Gels have some physical properties

common to living tissues, including a soft and rubbery

consistency and low interfacial tension with water or

biological fluids. The elastic nature of hydrated gels has

been found to minimize irritation to the surrounding

tissues after implantation. The low interfacial tension

between the gel surface and body fluid minimizes protein

adsorption and cell adhesion, which reduces the chances

of a negative immune reaction (3, 23, 24). The inert

protective matrix of the gel networks also eliminates

interferences such as protein binding and/or membrane/

organelle sequestration (25, 26).

The hybrid micro-/nanogels with the optical moieties

immobilized in polymer gel networks, combining the

properties from both optical moieties and polymer gels,

can offer the possibilities for external switching and

manipulation when applied to sensors and cell labeling

agents. Since the report of the first single NP-based dye

sensor called PEBBLE (Photonic Explorer for Biomedi-

cal use with Biologically Localized Embedding) (27, 28),

novel nanoscale materials have attracted increasing

attention and extended widely toward multiple functions.

The high surface-to-volume ratio of micro-/nanogels

allows not only high accessibility of analytes to the signal

receivers but also attachment of targeting ligands toward

the detection at specific cells or components of cells.

Micro-/nanogels can load a large amount of components

(single or multiple) within the gel network as well as on

the surface, resulting in a variety of detection methods

with respect to photonic/plasmonic intensity, energy

distribution (wavelength), and temporal distribution (lift

time) (29). Highly loaded optical moieties in close

proximity to each other either within the restricted gel

network or on the surface also allow the multiple

interactions with the sensing components, resulting in

signal amplification (26, 30). In addition, the micro-/

nanogels are very promising as drug-delivery carriers

because of their high loading capacity, good stability, and

reversible volume change in response to environmental

stimuli, such as pH, temperature, and glucose level that

are unprecedented for common pharmaceutical carriers

(4). Our group has first developed a series of inorganic-

polymer hybrid nanogels for integration of optical

sensing, cell imaging, and therapy (31�35). The capability

of simultaneous optical diagnosis and therapy with a

single nanoplatform may prove to be advantageous over

conventional medicine.

The present review provides an updated overview of

hybrid micro-/nanogels, especially the inorganic-polymer

hybrid micro-/nanogels, for optical sensing and cell

imaging applications. It covers only the untethered

(free) NP probes suitable for in vitro and in vivo
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detections. It excludes silica gels (36, 37) or mechanically

fixed sensors like thin film even when they utilize the NPs

(38�41). We also recommend recent reviews for an

additional reference on NP-based sensors, in which dye-

polymer NP-based sensors have been discussed in detail

(42, 43). The focus on polymer gel-based hybrid NPs is

important as these nanostructures bridge the gap between

inorganic nanoscience and the soft matter and have

attracted growing interests in the developments toward

emerging applications for in situ diagnosis from low-toxic

polymer gels.

Hybrid micro-/nanogel design

Classification of hybrid nanogel-based optical
probes
Generally, a hybrid micro-/nanogel-based optical probe is

composed of two components: optical moieties and a

three-dimensional polymer scaffold. Under this consid-

eration, such hybrid micro-/nanogel probes can be

classified into three types (Fig. 1).

In a Type 1 probe the specific antibodies, aptamers, or

other selective analyte-recognition ligands are covalently

linked to the hybrid micro-/nanogels. Binding of the

analyte to the hybrid micro-/nanogels would not affect

the optical properties of the optical moieties, but the

apparent color may change upon colocalization of the

probes. The basic concept is to develop smart platforms

that have not only molecular recognition abilities but also

built-in optical codes for rapid target identification. By

integrating molecular recognition and optical coding,

each hybrid micro-/nanogel could be considered a

‘chemical lab’ that detects and analyzes a unique

sequence or compound in a complex mixture. Such

encoded hybrid micro-/nanogels should find broad ap-

plication in gene expression studies, high-speed screening,

and medical diagnostics. In comparison with planar

DNA chips, such an encoded-gel technology is expected

to be more flexible in target selection (e.g. adding new

genes or single-nucleotide mutations), faster in binding

kinetics (similar to that in the homogeneous solution),

and less expensive to produce (44).

In a Type 2 probe the optical moiety acts directly as

the chemical/biochemical signal receiver. The optical

properties of the optical moieties (such as indicator dye

and conjugated polymer) would change upon the binding

of analyte. The sensitivity and selectivity of the probe as a

sensor mostly depend on the optical properties of these

optical moieties and may be also affected by the gel

network, which however may simply act as a three-

dimensional polymer scaffold in most cases. Specifically,

PEBBLEs have been developed to fill the niche that lies

between pulled micro-optodes and free molecular probes

(naked indicator dye molecules) (42).

In a Type 3 probe the stimuli-responsive polymer gel

network chains act as the chemical/biochemical signal

receiver. Upon receiving the external stimulus, the gel

network will undergo a volume phase transition and

change the physicochemical environment of the optical

moieties, converting the received signal into optical

signal.

A similar classification of optical NP sensors has been

proposed by Lee and Kopelman (42, 43). Although some

gel-based sensors have been included in their excellent

reviews, responsive polymer gel-based probes are not

discussed. Various responsive polymer gel-based probes

have been recently developed, particularly for optical

probing of pH, temperature, and glucose level. The pH

and temperature of a living cell is changeable during many

cellular events (46�50). Many pathological processes

Fig. 1. Schematic diagrams showing three types of hybrid

micro-/nanogel-based optical probes: (A) Type 1 where the

antibody or specific targeting ligand acts as a chemical/

biochemical signal receiver; (B) Type 2 where an optical

moiety acts directly as the chemical/biochemical signal

receiver; and (C) Type 3 where a responsive polymer gel

network chain acts as the chemical/biochemical signal

receiver, which will undergo a volume phase transition,

change the physicochemical environment of the optical

moieties, and convert the received signal into an optical

signal.
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in various tissues and organs are also accompanied with

local pH decrease by 1�2.5 pH units (acidosis) and/or

temperature increase by 1�58C (51�53). Thus, the devel-

opment of responsive polymer micro-/nanogel-based

probes for pH/temperature-responsive optical tracing

can contribute to the explanation of intricate biological

processes and the development of advanced diagnoses. On

the other hand, there is an urgent need to develop a sensor

for continuous in vivo glucose monitoring at physiological

pH in subjects with diabetes mellitus (8), which represents

one of the largest health concerns of the 21st century with

worldwide prevalence. The discussion of these hybrid

micro-/nanogel-based probes will be exemplified in the

following sections.

Construction methods
With the working mechanism of the hybrid micro-/

nanogel-based optical probes in mind, we will comp-

are different construction strategies toward the hybrid

micro-/nanogels. The approaches are based on (1) the

type of cross-links in the gel network, (2) the linkage

between the optical moieties and the polymer chains, and

(3) the stable and reversible photonics and/or plasmonics

of the optical moieties. Among them, it should be

emphasized that the stable and reversible photonics

and/or plasmonics is the most important and essential

issue for preparing reliable optical probes. Reproduci-

bility and robustness are two of the key characteristics

(the others are selectivity, resistance to interference, and

response time mentioned above) of any probes.

To form stable linkages among the polymer chains and

the immobilized optical moieties, polymers should

have functional groups. The most widely utilized func-

tional polymers for nanogels include poly(ethylene glycol)

(PEG), poly(N-isopropylacrylamide) (PNIPAM), poly

(acrylic acid) (PAA), poly(methacrylic acid) (PMAA),

polyacrylamide (PAAm), poly(lactic-co-glycolic acid)

(PLGA), poly(glycidyl methacrylate) (PGMA), and bio-

polymers like chitosan, hydroxypropylcellulose (HPC),

and cholesterol-bearing pullulan modified with amino

groups. The carboxyl groups, amino groups, hydroxyl

groups, and ether oxygen groups are efficient stabilizers

to link QDs and NMNPs (26, 54�58). Untethered dye

molecules are mainly anchored onto the gels via their

hydrophobic interactions with carbon backbones and p�p
stacking (42, 43, 59, 60). Cross-links are important to

further maintain the network structure of the gel, which

can prevent dissolution of the polymer network and release

of the immobilized optical moieties after a long circulation

or the repeated binding/disbanding cycles to analytes.

Cross-linking in micro-/nanogels
The cross-linking in micro-/nanogels is accomplished

either by non-covalent physical associations, covalent

chemical cross-linkages, or their combinations (1�6). The

cross-links in the physically cross-linked gels arise from

non-covalent attractive forces such as hydrophobic inter-

actions, hydrogen bonding, and ionic interactions between

the polymers or blending and interpenetrating networks of

two dissimilar polymers. For example, chitosan chains

form physical interactions with PMAA chains, which

results in formation of nanogels (33). The nanogels

presented negative surface charge at pH : 5.0. The zeta

potential tended to be neutral as the molar ratio of MAA-

to-glucosamine decreased. This result is consistent with

the complexation mechanism based on electrostatic inter-

actions between the carboxyl groups of MAA and amino

groups of chitosan. The interplay of other interactions,

such as hydrophobic association of methyl groups of

PMAA chains, may also contribute to the stability of the

nanogels. Recently, we present the first direct observation

of the pH-induced expulsion of PMAA chains from the

physically associated chitosan-PMAA-CdSe QD hybrid

nanogels during a time period of 32 h (Fig. 2) (33), which is

Fig. 2. Schematic diagrams showing the difference between a physically and chemically cross-linked chitosan-PMAA-CdSe

hybrid nanogel. Whereas the covalently cross-linked nanogels are very stable in both structure and composition upon pH

variation, the hybrid nanogels based on the physical associations exhibit a significant change in the structure and composition in

response to a pH increase to physiological condition. This distinction in the stability of hybrid nanogels is important for the

designed multiple functions. Adapted from Reference (33). Reprinted with permission from Elsevier Publishing Group,

Copyright (2010).
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longer than the time period (20 h) required for macro-

molecular colloids to accumulate in solid tumors through

the blood stream (61). The mechanism of chain expulsion

of the weak polyelectrolyte nanogels in response to a pH

variation may involve pH-induced accumulation of excess

charge within the nanogels (62�65). The constructed

physically associated hybrid nanogels would not be an

ideal candidate for optical sensing. In contrast, the

chemically cross-linked hybrid nanogels are very stable.

Chemically cross-linked gel networks were formed by

polymerizing MAA monomers in the presence of chitosan

chains and cross-linking agents. The gel networks formed

by such cross-links, also called semi-interpenetrating

(semi-IPN), can exhibit a reversible structural change in

response to a pH change, leading to a reversible optical

response of the constructed hybrid nanogels. These results

provided fundamental guidance for the construction of

feasible and reliable hybrid micro-/nanogel-based optical

probes. Chemically cross-linked micro-/nanogels can also

be formed by cross-linking of the functional groups

presented on the polymer backbone. Both free radical

precipitation polymerization and controlled/living radical

polymerization techniques (2, 4, 5), as outlined in Fig. 3,

can be used to prepare chemically cross-linked micro-/

nanogels. While the conventional radical cross-linking

polymerization technique provides a facial and

simple synthetic pathway, the controlled/living radical

polymerization technique such as the catalytic atom

(group) transfer radical polymerization (ATRP) (66, 67),

degenerative chain transfer polymerization represented

by iodine-mediated polymerization (RITP) (68, 69),

and reversible addition-fragmentation chain transfer

polymerization (RAFT) (70, 71) can be considered as a

breakthrough toward the synthesis of complex structures

with a high degree of functionality and compositional

variety.

Incorporation of optical moieties into the gel network
Totally based on the synthetic methods for polymer

micro-/nanogels, various strategies for the construction

of chemically cross-linked hybrid micro-/nanogels have

been described (Fig. 4). The synthetic technique being

employed is typically dictated by the desired application

or the type of study to be carried out. Absorption of

indictor dye molecules into the preformed polymer net-

works of micro-/nanogels (Fig. 4A) could be considered

the oldest and simplest method for the construction of

hybrid micro-/nanogel-based optical probes (42, 43, 60).

In addition, we found that the Calcon dye molecules can

also be directed to assemble on the surface of a pH-

responsive microgel of poly(NIPAM-AA-AAm) (59). It is

possibly that Calcon dye molecules were first bound to the

nanogel through the binding between the sulfonate groups

in Calcon with the amino groups in the nanogels to form a

well-oriented monomolecular layer of Calcon dye mole-

cules. The hydrophobic well-oriented Calcon layer binds

the subsequent layers of Calcon dye molecules through

the hydrophobic interactions involving the p-electron rich

structures. The Calcon dye domains are ‘glued’ by non-

covalent p�p interactions between Calcon dye molecules,

which may be further stabilized by water species bridges

(72). These dye absorption methods are commonly used in

the construction of Type 2 probes. On the other hand, the

copolymerization of fluorophore-containing monomers

Fig. 3. Synthetic methods for the preparation of pure polymer micro-/nanogels via conventional and controlled radical cross-

linking polymerization. Adapted from Reference (5). Reprinted with permission from RSC Publishing Group, Copyright (2010).
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with functional monomers like NIPAM is another strat-

egy to incorporate organic fluorophores into the micro-/

nanogels, which usually results in Type 3 probes. For

example, copolymerization of NIPAM with fluorescent

monomers, 4-N-(2-acryloyloxyethyl)-N-methylamino-7-

N,N-dimethylaminosulfonyl-2,1,3-benzoxadiazole (DBD-

AA) (73�76) and dansylaminoethylacrylamide (DAEAM)

(77), respectively, via emulsion polymerization has been

applied to develop fluorescent nanogel sensors.

Following a similar procedure for loading of indicator

dye molecules, presynthesized QDs/NMNPs with well-

controlled shape and size can be uploaded into

the preformed polymer networks of micro-/nanogels

(Fig. 4A). The Type 1 probe based on the incorporation

Fig. 4. Synthetic methods for the preparation of hybrid micro-/nanogels: (A) uploading of presynthesized optical moieties with

well-defined size and shape into the preformed gels; (B) uploading of metal ions and in situ synthesis of QDs/NMNPs inside the

preformed nanogels; (C) copolymerization of fluorescent monomers with other functional monomers; (D) synthesis of polymer

gel shell with QD/NMNP as core template; and (E) synthesis of gel particles with preformed conjugated polymer chains semi-

interpenetrated in the gel network.
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of the multicolor ZnS-capped CdSe QDs into the

poly(styrene-co-acrylic acid) beads at precisely controlled

ratios was first reported by Nie’s group (44). The

embedded QDs can be spatially separated from each

other and do not undergo fluorescence resonance energy

transfer. Presynthesized QDs/NMNPs have also been

loaded into the stimuli-responsive polymer networks to

form different Type 3 probes (26, 78�83). It is found that

electrostatic interactions are not the only governing force

to drive the loading of micro-/nanogels with QDs/

NMNPs. The affinity of QDs/NMNPs to micro-/nano-

gels also allows their sequestering by cationic, anionic,

and close-to-neutral-state gels. The strong binding forces

between QDs/NMNPs and micro-/nanogels can even

overcome electrostatic repulsion between the QDs/

NMNPs and gels, which should be very important to

keep the hybrid micro-/nanogels stable for the applica-

tions as sensors and cell labels in different environments

(33). Moreover, with the neutral stabilizing ligands

specifically designed in polymer micro-/nanogels, for

example, neutral AAm groups designed in the glucose-

responsive micro-/nanogels as CdS QD stabilizer (26), the

anionic functional groups in the nanogels may not be

necessary to upload the QDs/NMNPs. Thus, the un-

wanted shift of the volume phase transitions of nanogels

due to the ionization can be avoided and the composi-

tions used for micro-/nanogel synthesis can be expanded

more diversely.

Although many probes have been developed via afore-

mentioned absorption loading method, it should be

mentioned that the incorporation of presynthesized

formed QDs/NMNPs into the interior of the preformed

nanogels generally does not allow one to achieve a high

loading capacity of QDs/NMNPs because of the potential

aggregation of QDs/NMNPs and/or the hybrid nanogels.

Moreover, the QDs/NMNPs could be gradually released

from the gel networks upon the repeated swelling/deswel-

ling cycles during the analytical process. For example, the

glucose sensor (Type 3) constructed by such an absorption

method (26) demonstrated a gradual decrease in fluor-

escent response degree due to the escape of the QDs from

the host microgels after the repeated swelling/deswelling

process of gel networks in response to the change of

glucose concentration. This result indicates that such

constructed hybrid micro-/nanogels may have the risk of

signal distortion in the sensing application that requires

fully reversible optical signal intensity. To address this

issue, it would be better to construct the hybrid micro-/

nanogels through an in situ synthesis method (Fig. 4B), in

which the preloaded metal ions could be transformed to

QDs/NMNPs directly in the interior of the host micro-/

nanogel templates (32, 54, 57, 58, 84�87). The covalent

incorporation of ZnO QDs (88�90) and polymerizable dye

molecules (73�77) onto the gel network chains can further

confine the optical moieties (Fig. 4C).

To combine the merits of an absorption method

(controllable morphology and thus unique spectroscopic

properties of QDs/NMNPs) and the in situ synthesis

method (stability and reversibility of hybrid nanogels

during analytical cycles), an alternative method is to

synthesize polymer gel shell directly onto QDs/NMNPs

templates (Fig. 4D). So far, this method has been widely

used in the construction of Type 3 probes. In this

methodology, two main approaches have been developed

based on ‘grafting-onto’ and ‘grafting-from’ the core

template. In the ‘grafting-from’ approach, polymers are

grown directly from the surface of substrates (91, 92).

Generally, a polymerization initiator was immobilized

onto the surface of substrates and monomers were then

polymerized from the immobilized initiator. On the other

hand, in the ‘grafting-onto’ approach, polymers were

directly immobilized to the surface of substrates by

coupling reactions, chemical bonding, hydrophobic inter-

actions, or electrostatic interactions. A general approach

for the encapsulation of NMNPs with different sizes and

shapes into the nanogels is based on the capping of

surfactants (31, 34, 35, 93�101). Surfactants, such as

cetyltrimethylammonium bromide (CTAB) and sodium

dodecyl sulfate (SDS), are extremely efficient for the

synthesis of NMNPs with a wide variety of compositions,

sizes, and shapes. These surfactant-coated NMNPs can

further serve as substrates for the free-radical polymer-

ization. For example, the inorganic and polymeric

synthetic procedures can be combined in such a way

that involves the first synthesis of SDS-capped Ag NPs

(1093 nm), followed by the free-radical precipitation

polymerization of the monomers to form a glucose

responsive nanogel shell of poly(4-vinylphenylboronic

acid-co-2-(dimethylamino)ethyl acrylate) [p(VPBA-

DMAEA)] coated onto the Ag NPs templates, so that

the glucose-sensitive and fluorescent components can be

integrated into a single nano-object (100). Furthermore,

the restricted environment and the high porosity of the

gel shell offer the possibility to carry out selective

chemical reactions on the encapsulated NMNPs, such

as the growth of Au clusters onto Ag NP cores via

galvanic replacement reaction between Ag and AuCl4
�

(34, 57). The simple procedures allow the build-up of

other temperature, pH, or glucose sensitive polymer shells

onto the NMNPs of desirable properties.

At last, the fluorescent hybrid micro-/nanogels can be

produced through the in situ polymerization of functional

monomers in the presence of conjugated polymers that

can interpenetrate or semi-interpenetrate into the gel

network (Fig. 4E) (102). Semiconducting polymer nano-

spheres (SPNs) have been synthesized and encapsulated in

phospholipid micelles by a solvent evaporation technique

(103). Conjugated polymers are known to possess high

absorption coefficients and high fluorescence efficiency.

A variety of conjugated polymer-based chemical sensors

Sensing and imaging with hybrid micro-/nanogels
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have been developed (7). Although conjugated polymers

are usually hydrophobic, the formation of an interpene-

trating or semi-interpenetrating gel network makes

it possible to fabricate water-dispersible fluorescent

micro-/nanogels containing conjugated polymers.

Hybrid micro-/nanogel for optical sensing
A variety of hybrid micro-/nanogels have been exploited

for optical sensing of pH, temperature, glucose, ions, and

other species.

Type 1 probe
The history of a Type 1 probe can be traced back to the

work reported by Nie’s group in 2001 (44). Multicolor

optical coding for biological assays has been achieved by

embedding different-sized QDs into polymeric beads at

precisely controlled ratios. Their novel optical properties

(e.g. size-tunable emission and simultaneous excitation)

render these highly luminescent QDs ideal fluorophores

for wavelength-and-intensity multiplexing. The use of 10

intensity levels and six colors could theoretically code one

million nucleic acid or protein sequences. Imaging and

spectroscopic measurements indicate that the QD-tagged

beads are highly uniform and reproducible, yielding bead

identification accuracies as high as 99.99% under favor-

able conditions. DNA hybridization studies demonstrate

that the coding and targeting signals can be simulta-

neously read at the single-bead level. Recently, Nie’s

group has further extended this spectral coding technol-

ogy for single-molecule detection and biomolecular

structural mapping (Fig. 5) (45).

Type 2 probe
Type 2 probes for pH (H�), cobalt, copper, nickel,

potassium, silver, sodium, zinc, and chloride ions have

been developed and well summarized in literatures

(42, 43). These probes are generally made of non-ionic

polymer gels, such as PAAm, PEG, and polystyrene,

embedded with three components, including a non-

fluorescent ionophore that binds selectively to the ion

of interest (may not include for pH sensing), a fluorescent

hydrogen ion-selective dye that plays the role of a signal

receiver, and a lipophilic additive that maintains ionic

strength. The operation of the entire system is based on a

thermodynamic equilibrium that controls ion exchange

(for sensing cations) or ion co-extraction (for sensing

anions), i.e. an equilibrium-based correlation between

different ion species. The degree of protonation measured

from the fluorescence change of the H�-selective dye is

related to the concentration of the analyte ion according

to the theory developed for optical absorption-based ion-

correlation sensors (104, 105). The non-ionic polymer gel

is selected to ensure a local chemical equilibrium among

the embedded components in the interior of gel networks

in aqueous phase. When oxygen-sensitive dye was used,

sensors for molecular reactive oxygen species (ROS;

single oxygen and hydrogen peroxide) and radical ROS

(hydroxyl radical) could be developed (42, 43). A glucose

sensor could also be developed by utilizing the enzyme

glucose oxidase (106). Rubio-Retama’s group developed

an interpenetrated microgel of PNIPAM with poly(thio-

phene-ethyl butyl sulfonate; PTEBS) for picric acid

detection (102). At temperatures below the low critical

solution temperature (LCST) of PNIPAM-PTEBS, the

picric acid was able to interact with the p-conjugated

PTEBS via p�p interactions, thus quenching the PL

emission of PTEBS. When the temperatures were above

the LCST of polymer network chains, the p�p inter-

actions were weakened, resulting in the recovery of the

Fig. 5. Schematic diagrams showing the design of the color-

coded probe, a typical Type 1 probe, for detecting single

biomolecules in two different binding modes. (A) Direct

binding between two bioconjugated particles leading to a

separation distance of d1. This mode of binding was used to

construct rigid molecular structures (molecular rulers) for

verification/validation studies of the precision in distance

measurements. (B) Indirect sandwich-type binding in which

two particles recognize the same target molecule at two

different sites. This indirect mode of binding allows native

biomolecules such as genes to be recognized and detected at

the single-molecule level. Adapted from Reference (45).

Reprinted with permission from National Academy of

Sciences Publishing Group, Copyright (2008).
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initial PL emission. Liu’s group reported a NIPAM-based

microgel for Cu2� detection via fluorescence quenching

effect of Cu2� on DAEAM units (77). Interestingly, they

found that the detection sensitivity for Cu2� sensitivity

can be dramatically enhanced via the thermo-induced

shrinking of microgels at elevated temperatures.

While most of the above probes contain single spectral

peak for optical signaling, Wolfbeis’s group loaded

the polyurethane nanogel with the pH indicator bro-

mothymol blue (BTB) as well as two other standard

fluorophores of coumarin (C6) and Nile Red (NR) (60).

The sensing capability of the Wolfbeis’s probe relies on

two specific features. The first is the spectral overlap of

the absorption of the pH indicator BTB with the dual

emission of the fluorophores C6 and Nile Red (Fig. 6).

The second feature is the efficient fluorescence resonance

energy transfer (FRET; predominantly red fluorescence

at pH 7) that occurs between C6 and NR in the aqueous

suspension of nanogel but not in aqueous solution alone

where they are too far apart. The mechanism of the

Fig. 6. (A) Model of a typical Type 2 probe, a ratiometric pH sensing nanogel, which is constructed by uploading of the pH

probe dye molecules into the gel networks. (B) pH-dependent absorption of bromothymol blue in aqueous solution at pH 5.0,

7.0, and 9.0 (gray curves), and absorption and emission spectra of coumarin 6 (C6) and Nile Red (NR) in ethanol. The picture in

(B) shows the green fluorescence of a mixture of C6 and NR in ethanol/water solvent (left), and the same components in the

nanogel (NG) in aqueous suspension under 365 nm illumination (right). (C) Fluorescence micrographs of NRK cells incubated

with a pH 7.4 buffer and loaded with the pH-responsive nanogel: (a) Fluorescence of the C6 acquired in the green channel (scale

bar�20 mm); (b) fluorescence of NR acquired in the red channel; (c) overlay of (a) and (b). Adapted from Reference (60).

Reprinted with permission from Wiley-VCH Publishing Group, Copyright (2010).
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pH-dependent FRET can be explained on the basis of the

spectra (Fig. 6B). Upon photoexcitation of C6 at 440 nm,

green fluorescence is induced with a peak at 520 nm but

part of the emission is transferred to NR by FRET. The

red fluorescence of NR resulting from FRET has a peak

at 620 nm. Sensitivity to pH is imparted because BTB is

yellow at pH below 6, with an absorption peak at around

435 nm. Therefore, a good fraction of the green emission

of C6 (the energy not transferred to NR) is absorbed by

the yellow form of BTB (present at low pH), whereas the

FRET-induced emission of NR is preserved. In fact, the

red fluorescence of NR is easily visible and detectable.

However, BTB is blue at pH values above 8 with an

absorption peak at 628 nm, which strongly overlaps the

red emission of NR. As a result, it absorbs most of

the red fluorescence of NR. Correspondingly, the visible

fluorescence of the hybrid nanogels is dominated by the

green fluorescence of C6.

Type 3 probe
The signal receivers in Type 3 probes are stimuli-

responsive polymer gels that can undergo conformational

and chemical changes upon receiving an external signal.

These changes are accompanied by variations in the

physical properties of the polymer. The signal is either

derived from the changes in the materials’ environment

such as a change in temperature, pH, glucose concentra-

tion, chemical composition, and applied mechanical

force, or triggered exogenously by irradiation with light

or exposure to an electrical and magnetic field (1�6).

The efficient transduction mechanisms of the stimuli-

responsive polymer systems make them suitable for

sensor applications (40, 41, 107). In the form of hybrid

micro-/nanogels, temperature (34, 35, 54, 74�76, 78, 80,

82, 83, 85, 93�99), pH (31�33, 59, 79, 82, 84, 57, 92, 93),

and glucose (26, 58, 100) probes have been developed.

Two factors may mainly account for the signal conver-

sion. One is the change in the refractive index of the

medium around the optical moieties during the stimuli-

induced swelling/shrinking transition of the polymer gels.

For example, an increase in the refractive index of

nanogel has been observed during its collapsing process

(94, 108), which results in an increase in the Rayleigh

scattering (because of a larger refractive index contrast

between the collapsed gels and solvent) and the local

refractive index around the NMNPs, leading to a red-

shift and enhancement of the surface plasmon band of

NMNPs (Fig. 7) as theoretically reported and predicted

by Mie theory (109, 110). The change in refractive index

could also affect the efficient photonics transmission and

thus the quantum efficiency of optical moieties (74�76).

Another is related to the variation of the non-radiative

energy loss paths. For QDs/NMNPs, the non-radiative

energy loss paths are highly dependent on the environ-

mental nature around the QDs/NMNPs (31�35, 111).

For example, at the temperatures below the LCST of

polymers, the polymer network chains tend to expand in

water. However, the bonding of the polymer chains with

the QDs/NMNPs hinders the chain expansion at a highly

swollen state, creating an elastic tension in the bonds at

the polymer/inorganics interface, thus creating surface

states that could quench the PL. This phenomenon is

similar to the temperature-induced PL quenching of

colloidal CdTe QDs dispersed in water (112). The

freezing of water induces strain in the capping shell,

which can further propagate the strain to the surface of

the QDs, creating surface quenching states. In contrast, at

high temperatures above the LCST of polymers, the gel

network chains are in shrunk states, which diminish the

elastic tension and consequently reduce the number of

surface trap states acting as emission quenching centers.

A similar relationship between the PL response and

volume phase transition has been found in glucose-

responsive hybrid nanogels (Fig. 8) and pH-responsive

hybrid nanogels (Fig. 9), respectively.

Hybrid micro-/nanogel for integration of optical
sensing and cell imaging
Intracellular probing enables the monitoring of many

biochemistry and biophysics processes of live cells over

time and space. Numerous groups have focused on the

development of hybrid micro-/nanogels for intracellular

optical probing (31�35, 42, 43, 50, 76), particularly

toward the real-time monitoring on the change of pH,

temperature, glucose concentration, and common ions,

which are found to be closely associated with cancer,

diabetes, and other diseases (8, 46�53). Intracellular

probing on these events can contribute to the explanation

of intricate biological processes and the development of

novel diagnoses. However, among the large number of the

probes developed, only a few of them are suitable for

‘ratiometric’ detection.

Type 2 probes have been applied successfully for

intracellular measurements of pH, oxygen, K�, Cl�,

Mg2�, and Ca2� ions (42, 43). For example, intracellular

measurements of pH and Ca2� ion were made by

PEBBLE probes (113�115). Each of the pH-sensitive

and Ca2�-selective probes combines an ion-selective

internal standard entrapped within a PAAm nanogel

(20�200 nm). The use of PEBBLE probes permits the

quantitative discrimination of subtle differences between

the ability of human SY5Y neuroblastoma and C6

glioma cells to respond to the challenge with m-dinitro-

benzene. Specifically, measurement of intracellular cal-

cium, the precursor to cell death, has been achieved. The

real-time measurement of Mg2� ions has also been

achieved by PEBBLE probes loaded with Coumarin

343 dye (Fig. 10) (116). Wolfbeis’s group have introduced

their Type 2 pH probes into living epithelial normal rat

kidney cells (Fig. 6C) (50).
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Recently, nanoscale sensing of temperature in the

cytoplasm of living cells was demonstrated by Uchiya-

ma’s group (Fig. 11) (76). To form the temperature-

sensitive nanogel (Type 3 probe), a water-sensitive

fluorophore DBD-AA was copolymerized with NIPAM.

The fluorescence of the developed hydrophilic fluorescent

nanogel thermometer dispersed within the cytoplasm of

living COS7 cell was enhanced with increasing the

temperature. A temperature resolution of 0.29�0.58C
over the range of 27 and 338C can be achieved without

any interference due to precipitation or interaction with

cellular components. We recently introduced Type 3 pH

probes (31�33) and temperature probes (Fig. 12) (34, 35)

into living mouse melanoma B16F10 cells to demonstrate

the feasibility of intracellular sensing of pH and tem-

perature, respectively. The QDs/NMNPs were used as

optical moieties in our probes. The most important

difference between our probes and others is the tunable

sensitivity of our probes, which can be achieved through

engineering the stimuli-responsive properties of the gel

networks. In addition, we have further integrated multiple

functions into a single probe. In a typical temperature

probe (34), the core-shell structured hybrid nanogels were

constructed by coating the Ag�Au bimetallic NP core

with a thermo-responsive non-linear PEG-based hydrogel

as shell, and then semi-interpenetrating the targeting

ligands of hyaluronic acid chains into the surface net-

works of gel shell. The Ag�Au NP core can emit strong

visible fluorescence for imaging of mouse melanoma

B16F10 cells. The reversible thermo-responsive volume

phase transition of the non-linear PEG-based nanogel

shell can not only modify the physicochemical environ-

ment of the Ag�Au NP core to manipulate the fluores-

cence intensity for sensing the environmental temperature

change, but also provide a high loading capacity for a

model anticancer drug temozolomide and offer a thermo-

triggered drug release. The drug release can be induced by

both the heat generated by external NIR irradiation and

the temperature increase of local environmental media.

The ability of the hybrid nanogels to combine the local

specific chemotherapy with external NIR photothermal

treatment significantly improved the therapeutic efficacy

Fig. 7. TEM images of Au-PNIPAM core-shell hybrid nanogels of spherical (A) and flower-like shaped Au NP cores (B), and

(C) their corresponding AFM images (A, top in C; B, down in C), respectively. (D) UV-Vis spectra of aqueous dispersion of the

two indicated samples at the temperature below (158C, solid lines) and above (508C, dot lines) of PNIPAM. Adopted from

Reference (95). Reprinted with permission from Wiley-VCH Publishing Group, Copyright (2008).
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due to a synergistic effect. These small, stable, and non-

toxic hybrid nanogels that can integrate multiple func-

tionalities into a single NP will offer broad opportunities

for sensing, imaging, and monitoring the biological

environments as well as for high efficacy treatment of

various diseases.

Conclusions and outlook
In conclusion, hybrid micro-/nanogels form a distinct

class of hydrophilic dispersed probes with promising

properties for optical sensing and cell imaging. The

advantages of these hybrid micro-/nanogels include their

simplicity of formation, biocompatibility, and high stabi-

lity for chemical/biochemical sensing and disease diag-

nosis. As more and more research is carried out in this

field, it becomes clear that these hybrid nanogel systems

hold great promise as a nanoscale platform toward

multifunctional biomaterials. Hybrid nanogels that re-

spond to a change in their environment are potentially

useful in the combined sensing, imaging, and therapy that

may enable natural biosystems (pathological tissues and

organs) to self-manipulate in a rational fashion.

Although a great deal of research has been carried out

in this field, we believe that most of the potential

resources are untapped. It is clear that there is no

universal system that can address all current needs of

sensing and imaging applications. In this regard, the

capabilities of hybrid micro-/nanogel-based probes as well

Fig. 9. (A) Model of a ratiometric pH sensing nanogel (Type 3 probe), which is constructed by in situ synthesis of CdSe QDs

into the pH-sensitive nanogel. (B) TEM images. (C) PL response of the hybrid nanogels as a function of the pH values. Adapted

from Reference (33). Reprinted with permission from Elsevier Publishing Group, Copyright (2010).

Fig. 8. (A) Model of a ratiometric glucose sensing nanogel

(Type 3 probe), which is constructed by the growth of the

glucose-sensitive nanogel onto SDS-capped Ag NPs tem-

plates (1093 nm). (B) TEM images. (C) PL response of the

hybrid nanogels as a function of the glucose concentration in

PBS at physiological pH and temperature. Adapted from

Reference (100). Reprinted with permission from ACS

Publishing Group, Copyright (2010).
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Fig. 10. (A) Compressed z stack of confocal image of a single C6 glioma cell injected with magnesium-selective PEBBLE probes

(Type 2 probe). The probes, depicted in red, reside in the cytosol and do not enter the nucleus at the center of the cell. (B)

Spectra of the intercellular probes acquired on a fluorescence microscope. An aliquot of KCl was added at t�69 s. Ion channels

open, resulting in an increase in intracellular free magnesium indicated by the increase in peak ratio of the probes. Adapted from

Reference (116). Reprinted with permission from ACS Publishing Group, Copyright (2003).

Fig. 11. (A) Model of a ratiometric temperature sensing nanogel (Type 3 probe), which is constructed by copolymerization of

a water-sensitive fluorophore DBD-AA into a temperature-sensitive PNIPAM-based nanogel. (B) Phase-contrast and

fluorescence images of living COS7 cells containing the fluorescent nanogel thermometer. (C) Calibration cure and temperature

resolution. Adapted from Reference (76). Reprinted with permission from ACS Publishing Group, Copyright (2009).
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as other classes of probes are not infinite, but it would be

interesting to develop probes for dual, triple, and even

multiple sensing and imaging. There are also opportu-

nities for new efforts in advanced synthetic approaches to

improve both selectivity and sensitivity of the hybrid

micro-/nanogels for optical sensing in complex environ-

ment and intracellular probing. The rational design of

multifunctional nanoplatforms will allow the improve-

ment of the sensing applications as well as the imple-

mentation of the hybrid micro-/nanogels in new arenas.

In the case of core-shell structured inorganic-responsive

polymer hybrid micro-/nanogels reported by our group

and others, the range of potential applications of such

probes is just at the beginning to be uncovered. Early

proof-of-concept studies of these probes for simultaneous

sensing, imaging, and therapy can provide guidance for

the development of clinical application-oriented biona-

nomaterials. We certainly hope that future application of

hybrid micro-/nanogels will exceed our expectations and

believe that many capable scientists across the globe will

contribute outstanding work to advance these novel

probes toward the smart age.
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