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Biodegradable nanogels loaded with rhodamine B isothiocyanate-dextran (RITC-Dx) as a model for water-
soluble biomacromolecular drugs were prepared using atom-transfer radical polymerization (ATRP) in a cyclohexane
inverse miniemulsion in the presence of a disulfide-functionalized dimethacrylate cross linker. UV-vis spectroscopy
was used to characterize the extent of incorporation of RITC-Dx into the nanogels. The loading efficiency of
RITC-Dx into the nanogels exceeded 80%. These nanogels were degraded into polymeric sols in a reducing
environment to release the encapsulated carbohydrate drugs. The released carbohydrate biomolecules specifically
interacted with concanavalin A in water, suggesting that the biodegradable nanogels could be used as carriers to
deliver carbohydrate drugs that can be released upon degradation to bind to pathogens based on lectins.

Introduction

Water-swellable microgels are cross-linked hydrogel particles
that have a tunable chemical composition and a 3D physical
structure enabling control over water content, mechanical
properties, and biocompatibility.1 Several methods have been
applied for the preparation of effective microgel particles. One
method involves the use of natural biopolymers possessing a
high degree of functional groups that are utilized in further cross-
linking reactions with additional functional cross linkers,
resulting in the formation of biopolymer-based microgels (called
biomicrogels). Examples include carbohydrate-based species
such as chitosan-2,3 and hyaluronan-based4 microgels and poly-
(amino acid)-based microgels.5 Another method utilizes pho-
tolithographic techniques,6 micromolding,7 and microfluidics.8

However, the general method for the preparation of well-defined
microgel particles utilizes various heterogeneous polymerization
reactions of hydrophilic water-soluble monomers in the presence
of either difunctional or multifunctional cross linkers. These
include photo and suspension,9 precipitation,10,11 and inverse
(mini)emulsion polymerization.12-16

Microgel particles offer unique advantages as effective
polymer drug-delivery systems (DDS). They have tunable size
from nanometers to several micrometers and a large surface area
for multivalent bioconjugation.11,17 When the dimensions of
microgels are in the submicrometer range, they are also known
as nanogels.18 These nanogels may contain an interior network
for the incorporation of biorelated molecules. Physical entrap-
ment of bioactive molecules such as drugs,3,11,12proteins,13,15,19

and DNA4,14 in the polymeric network and their in vitro release
behavior have been extensively investigated for application as
targeted delivery carriers for biomedical applications.

The incorporation of carbohydrates, such as model water-
soluble macromolecular drugs, into microgels or nanogels and
their release behavior was also examined.20 Gel particles based
on poly(N-isopropylacrylamide-co-allylamine) were prepared by
precipitation polymerization, followed by the addition of glutaric
dialdehyde in the presence of Texas Red-labeled dextran in
water, resulting in the formation of dextran-loaded particles.

They then studied the controlled release of dextran makers under
various physical conditions.21 Cross-linked poly(vinyl pyrroli-
done) nanoparticles were prepared in the presence of fluorescein
isothiocyanate-labeled dextran using a reverse micellar tech-
nique, and their release behavior as potential carriers for
hydrophilic drugs was studied.22 However, most of these
dextran-loaded particles have serious problems pertaining to
non-biodegradability and non-sustained drug release.

Biodegradation offers several advantages, such as the facilita-
tion of the controllable release of encapsulated molecules from
the interior of microgels and the removal of empty vehicles after
drug release. A significant amount of work has been directed
toward the development of cross linkers functionalized with
(bio)degradable linkages in order to implement the biodegrad-
ability of hydrogels and microgels. These include peptides,23

anhydrides,24 oligo(lactate) esters,25 disulfides,26 and acetals.15,27

We recently reported the successful synthesis and function-
alization of stable biodegradable cross-linked nanogels of well-
controlled hydrophilic polymers by utilizing atom transfer
radical polymerization (ATRP)28 in an inverse miniemulsion
in the presence of a disulfide-functionalized dimethacrylate
(DMA) cross linker.29 More recently, we prepared nanogels
loaded with doxorubicin (Dox), an anticancer drug, and
demonstrated the utility of these nanogels as useful biomaterials,
in particular, as targeted drug-delivery carriers for biological
and biomedical applications. We found that this method allowed
for the preparation of materials with many useful features. These
include (1) the preservation of a high degree of halide end-
functionality to enable further chain extension to form functional
block copolymers and functionalization with biorelated mol-
ecules, (2) biodegradability in a reducing environment to
individual polymeric chains with a relatively narrow molecular
weight distribution (Mw/Mn < 1.5), (3) the formation of a
uniformly cross-linked network in the individual particles, which
is anticipated to improve control over the release of encapsulated
agents, (4) better properties, including the swelling ratio,
degradation behavior, and colloidal stability, of particles
prepared by ATRP compared to the properties of counterparts
prepared by conventional free-radical inverse miniemulsion
polymerization, and (5) enhancement of circulation time in the
blood because the nanogel consists of poly(oligo(ethylene* Corresponding author. E-mail: km3b@andrew.cmu.edu.
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oxide)monomethyl ether methacrylate) (POEOMA), an analog
of linear poly(ethylene oxide) (PEO) that can prevent nanopar-
ticle uptake by the reticuloendothelial system (RES).30 Further-
more, the nanogels were nontoxic to cells.

This article describes our further investigation of the applica-
tion of nanogels as delivery carriers of carbohydrates as water-
soluble biomacromolecular drugs. Rhodamine isothiocyanate-
labeled dextran (RITC-Dx) was selected as a water-soluble
biomacromolecular carbohydrate model drug. A series of stable
RITC-Dx-loaded nanogels were prepared by inverse mini-
emulsion ATRP in the presence of RITC-Dx and DMA. The
extent of incorporation of RITC-Dx into nanogels was char-
acterized using UV-vis spectroscopy upon degradation of
nanogels in the presence of water-soluble reducing agents. The
release of RITC-Dx from nanogels was determined to dem-
onstrate that the degradation triggers controllable release of
encapsulated molecules. Last, specific binding of released
RITC-Dx from nanogels upon degradation was demonstrated
by interaction with lectins such as Concavalin A (ConA) in
water.

Experimental Section

Materials. OEOMA (M ) 300 g/mol and pendent EO units DP≈
5) was purchased from Aldrich and purified by passing it through a
column filled with basic alumina to remove the inhibitor. Copper(II)
bromide (CuBr2, 99%) andL-ascorbic acid (AscA, 99+%) from Acros,
sorbitan monooleate (Span 80), dithioerythritol (DTT,>99%), and
cyclohexane (HPLC grade) from Aldrich, and glutathione (γ-Glu-Cys-
Gly-OEt, reduced form) from Sigma were used as received without
purification.

Tris[(2-pyridyl)methyl]amine (TPMA),31 dithiopropionyl poly-
(ethylene glycol) dimethacrylate (DMA),29 and poly(ethylene oxide)
(PEO)-functionalized bromoisobutyrate (PEO2000-Br, pendent EO units
DP ≈ 45)32 were synthesized and purified as described elsewhere.

Instrumentation . Molecular weights of degraded polymers were
determined by gel permeation chromatography (GPC), with THF as
the eluent at 35°C at a flow rate of 1 mL/min and linear poly(methyl
methacrylate) (PMMA) standards for calibration. The detailed GPC
measurements were described elsewhere.29 Conversion was also
determined using GPC by following the decrease of the macromonomer
peak area relative to the increase in the polymer peak area. The particle
size and size distribution were measured by dynamic light scattering
(DLS) on a model HP5001 high-performance particle sizer from
Malvern Instruments, Ltd. The sizes are expressed asDav ( S(average
diameter( standard deviation). Optical fluorescence microscopy (OFM)
was carried out using a Zeiss Axiovert 200 microscope. A Rhod filter
was used to image the RITC-dextran-loaded nanogels. UV-vis spectra
were recorded in water on a Varian Cary 5000 UV-vis-NIR
spectrophotometer using a 1-cm-wide quartz cuvette.

Synthesis of Nanogels Embedded with RITC-Dx. The detailed
procedure for the preparation of cross-linked nanogel particles by
activators generated by an electron-transfer (AGET) process for
ATRP29,32-34 of OEOMA in a cyclohexane inverse miniemulsion at
30 °C in the presence of DMA cross linker was described elsewhere.29

Using a similar procedure, a series of stable nanogels containing RITC-
Dx were prepared in the presence of different amounts of RITC-Dx
in the experiments. A typical procedure was as follows: OEOMA (1.4
g, 4.67 mmol), PEO2000-Br (33.4 mg, 0.016 mmol), DMA (286 mg,
0.064 mol), TPMA (2.3 mg, 0.008 mmol), CuBr2 (1.7 mg, 0.008 mmol),
RITC-Dx (95 mg, 6.8 wt % of OEOMA), and water (1.4 mL) were
mixed in a 50 mL round-bottomed flask at room temperature. The
resulting clear solution was mixed with a solution of Span 80 (1.0 g)
in cyclohexane (20 g), and the mixture was sonicated for 2 min in an
ice bath at 0°C to form a stable inverse miniemulsion. The dispersion
was transferred into a 50 mL Schlenk flask and then bubbled with
nitrogen for 30 min. The flask was immersed in an oil bath preheated
to 30 °C, and then an argon-purged aqueous solution of AscA (0.028
mmol/mL, 0.005 mmol, 200µL) was added via syringe to activate the
catalyst and start the polymerization. The polymerization was stopped
after 1.5 h by exposing the reaction mixture to air. A stable pink
dispersion was obtained.

The cross-linked nanogels were purified by the addition of THF to
the resulting dispersion, and then the resulting heterogeneous mixture
was stirred at room temperature for 30 min. The nanogels were
separated by centrifugation (15 000 rpm× 20 min) at 4°C. After the
supernatant was removed, THF was added, and then the same procedure
was repeated twice to completely remove THF-soluble species such
as unreacted monomers and Span 80 (surfactant). After the final wash,
the precipitate was dried in a vacuum oven at 30°C for 2 h toyield
pink nanogels.

Degradation of RITC-Dx-Containing Nanogels.Nanogels embed-
ded with RITC-Dx were degraded in the presence of water-soluble
reducing agents, including dithiothreitol (DTT) and glutathione at room
temperature in water. For the use of DTT, dried, purified P(OEOMA)
nanogels (34 mg) were stirred in water (3 mL) at room temperature
for 24 h to allow them to be fully swollen. DTT (0.06 mL) was added
to the dispersion of swollen gels and stirred at room temperature for 1
day to form a transparent pink solution. An aliquot of the mixture before
and after degradation was taken for optical fluorescence microscopy
analysis.

For the use of glutathione, a similar procedure was used, except for
the use of purified nanogels (58.3 mg), glutathione (9.2 mg, 16 wt %),
and PBS (3 mL). The resulting mixture was stirred for 3 h. The extent
of degradation of the nanogels was determined by the weight ratio of
swollen nanogels before and after the addition of glutathione.

Calibration CurWes of RITC-Dx in Water.RITC-Dx (12 mg) was
dissolved in PBS (5 mL) to form a transparent pink solution at a
concentration of 2.4 mg/mL. Aliquots of the solution were diluted to
RITC-Dx concentrations of 0.78, 0.48, and 0.22 mg/mL in PBS. Their
UV-vis spectra were measured, and their absorbance at 555 nm was
monitored to prepare a calibration curve.

Specific Binding between RITC-Dx Released from Nanogels and
ConA. A clear stock solution of ConA at a concentration of 19.3 mg/
mL was prepared by dissolving ConA (38.5 mg) in PBS (2 mL). The
dried, purified nanogels containing 6.8% RITC-Dx (14.9 mg) were
mixed with PBS (3.9 mL), and the resulting mixture was stirred at
room temperature for 1 day. The concentration of polymer was 3.8
mg/mL, and the concentration of RITC-Dx was calculated to be 0.35
mg/mL. Glutathione (2.4 mg) was added, and the mixture was stirred
at room temperature for 3 h to form a transparent pink solution. After
the UV-vis spectrum of the solution was measured, an aliquot of the
stock solution of ConA (0.5 g) was mixed and stirred at room
temperature over several days. The transmittance at 700 nm was
monitored from the UV-vis spectra of the mixture.

For comparison, a transparent mixture consisting of free RITC-Dx
(17.6 mg) and PBS (3.8 mL) was prepared at a concentration of 4.66
mg/mL. An aliquot of the solution (0.2 mL) was diluted in PBS (3
mL) to a concentration of 0.36 mg/mL, and its UV-vis spectrum was
measured. An aliquot of the stock solution of ConA (0.5 g) was added
to the solution and stirred at room temperature. Similarly, the
transmittance at 700 nm was monitored via UV-vis spectroscopy.
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Results and Discussion

Synthesis of RITC-Dx-Containing Nanogels. Inverse
miniemulsion AGET ATRP of OEOMA in cyclohexane was
utilized for the preparation of biodegradable cross-linked
POEOMA nanogels in the presence of a DMA cross linker at
ambient temperature (30°C).29 A water-soluble PEO-based
bromoisobutyrate macroinitiator (PEO2000-Br) was used to
initiate the ATRP reactions. DMA was synthesized and used
as a degradable cross linker at a DMA/PEO2000-Br ratio of
4.0/1. A water-soluble CuBr2/TPMA complex was used as an
oxidatively stable precursor. Water-soluble AscA was used as
a reducing agent that reacts with the Cu(II) catalyst complex to
generate the corresponding active Cu(I) catalyst complex.

In the absence of DMA, droplets containing aqueous solutions
of monomer become colloidal particles filled with swollen un-
cross-linked polymer chains. They had a narrow, monomodal
size distribution of 151( 8 nm in diameter. The resulting
POEOMA is well-controlled, with a narrow molecular weight
distribution (Mw/Mn < 1.3).34 In the presence of DMA, the
resulting particles were not soluble in any solvents, including
THF and water, indicating that the particles were cross linked
during the polymerization. The diameter of particles dispersed
in cyclohexane was 225( 24 nm. However, a small number
of larger particles were detected.

To prepare nanogels entrapping RITC-Dx, different amounts
of water-soluble RITC-Dx were introduced into the aqueous
solution consisting of OEOMA, PEO2000-Br, CuBr2/TPMA,
DMA, and water. The resulting transparent pink solution was
mixed with an organic solution of Span 80 in cyclohexane. The
resulting binary mixture was sonicated in an ice bath at 0°C to
form a stable inverse miniemulsion of monomer droplets. An
aqueous AscA solution was added to start polymerization at
ambient temperature, resulting in the formation of pink disper-
sions of cross-linked RITC-Dx-containing P(OEOMA) par-
ticles.

In the presence of 2.9 wt % RITC-Dx of OEOMA, the
particle size was 245( 39 nm in diameter as determined from
DLS measurements, as shown in Figure 1. This diameter is
larger than that of the particles prepared in the absence of
RITC-Dx (225 ( 24 nm). When the isolated nanogels were
redispersed in water and DLS was carried out in water, two
populations were observed. The first peak (95% by volume)

corresponds to swollen nanogels (296( 65 nm), and the second
peak (5% by volume) corresponds to aggregated nanogels (1540
( 460 nm).

In the presence of 6.8 wt %, a similar diameter was observed.
However, when the amount of RITC-Dx was further increased
to 8.2 wt %, undissolved solids were observed in aqueous
solution, indicating limited solubility of RITC-Dx in the
monomer mixture; thus polymerization was not carried out under
these conditions.

Degradation of RITC-Dx-Containing Nanogels.The puri-
fied RITC-Dx-containing nanogels were readily dispersed in
water without the addition of extra surfactants. Figure 2a (left)
shows the image for RITC-Dx-containing nanogels dispersed
in water. Figure 2b shows a typical optical fluorescence
microscopy (OFM) image of RITC-Dx-containing nanogel
aggregates. The distinct bright spots on the dark background
indicate that RITC-Dx molecules are localized in the nanogel
particles.

Upon the addition of water-soluble dithiothreitol (DTT) as a
reducing agent, the nanogels were degraded into individual
polymeric chains. As a consequence, the turbid dispersion turned
into the corresponding transparent solution (Figure 2a, right).
In Figure 2c, the OFM image shows that a diffuse fluorescent
signal in the background points out the release of RITC-dextran
molecules from the nanogels. These results indicate that the
degradation of nanogels could trigger the controllable release
of the encapsulated carbohydrate drugs in a reducing environ-
ment through disulfide-thiol chemistry.

Glutathione is a tripeptide that is commonly found within
cells. A few reports describe the use of glutathione as a water-
soluble reducing agent that can degrade disulfide-containing
polymers to the corresponding thiols.35 In the experiments, the
extent of degradation of the nanogel was determined by the
weight loss of swollen nanogels in the presence of glutathione
in water over time. It was observed that a significant amount
(more than 88%) of nanogels containing RITC-Dx was
degraded (or solublized) within 3 h in thepresence of 16 wt %
glutathione. This result is comparative to that (89%) of nanogels
prepared in the absence of RITC-Dx.

GPC measurements of the clear supernatant were then used
to analyze polymers degraded from nanogels in the presence
of glutathione. The solution containing degraded polymers could
be filtered through a 0.2µm filter without strong pressing, prior
to its injection into the GPC, suggesting the formation of
degraded linear polymers. In addition, the GPC trace indicated
that degraded polymers hadMn ) 27 800 andMw/Mn ) 1.4.

Determination of the Extent of Incorporation of RITC -
Dx into Nanogels.The above results indicate that a significant
amount of RITC-Dx-containing nanogels (>88%) was de-
graded into individual polymeric chains upon addition of
glutathione, resulting in the formation of a transparent solution
in water. This led us to determine the degree of incorporation
of RITC-Dx into nanogels using UV-vis spectroscopy. A
calibration curve was first constructed from UV-vis spectra
of various amounts of RITC-Dx in aqueous solutions (Figure
3a). As shown in Figure 3b, a linear plot of the absorbance at
555 nm versus the amount of RITC-Dx was obtained in water.

Next, a known amount of the purified dried RITC-Dx-
containing nanogels was mixed with glutathione (15 wt % of
nanogels) in water at room temperature for 1 day, resulting in
the formation of a transparent pink solution upon degradation.
Figure 3a (the upper spectrum) shows the UV-vis spectrum of
the solution, where the maximum absorption was shifted by 3
nm from 555 to 558 nm. This is presumably due to a slight

Figure 1. CONTIN plot of cross-linked POEOMA particles prepared
by inverse miniemulsion AGET ATRP of OEOMA in cyclohexane in
the presence of the DMA cross linker and RITC-Dx. Conditions:
[OEOMA]0/[PEO2000-Br]0/[CuBr2/TPMA]0/[AscA]0 ) 300/1/0.5/0.45;
OEOMA/water ) 1/1 v/v; [DMA]0/[PEO2000-Br]0 ) 4/1; RITC-Dx )
2.9 wt % of OEOMA; solids content ) 10 wt %.
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change in the polarity of the medium resulting from the presence
of degraded POEOMA. From the absorbance at this wavelength
and by using the calibration curve (Figure 3b), the amount of
RITC-Dx embedded in nanogels was calculated. The results
are presented in Table 1. Monomer conversion was taken into
account when calculating the amount of RITC-Dx in the
nanogels, reflected in both the amount added and incorporated.
The efficiency was calculated using the following equation:
efficiency % ) level/(amount added to the polymerization/
conversion). For nanogels prepared in the presence of 2.9 wt
% RITC-Dx, the extent and efficiency of incorporation were
2.4 wt % and 84%, respectively. When the amount of RITC-
Dx was increased from 2.9 to 6.8 wt %, the extent of
incorporation was 5.5 wt %, resulting in a slight decrease in
efficiency to 81%.

Specific Binding of RITC-Dx Released from Nanogels
upon Degradation.The RITC-Dx-containing nanogels were

degraded in a reducing environment, and degradation triggered
the release of carbohydrate drugs. The released carbohydrate
molecules will bind to specific targets such as lectins. To assess
the binding activity of RITC-Dx released from nanogels, Con
A was selected as a target protein because it is a well-known
protein that binds to glucose (homotetramer) at neutral pH.36

A known amount of RITC-Dx-loaded nanogels was mixed
with glutathione in PBS buffer for 1 day, resulting in the
formation of a transparent solution upon degradation of over
95% nanogels. The transmittance (%T) at 700 nm of the solution
was 93%, which is lower than 100% because of the presence
of a small faction of nondegraded nanogels. An aliquot of ConA
solution was then added to the transparent solution and stirred
at room temperature. The weight ratio of ConA/RITC-Dx was
7.0. The transmittance at 700 nm for the solution was monitored
as a function of time, as shown in Figure 4. For comparison, a
mixture consisting of a similar amount of free RITC-Dx and
ConA in PBS buffer was also examined under similar condi-
tions.

Figure 5 shows the transmittance at 700 nm versus time for
the mixture consisting of released RITC-Dx, degraded nano-
gels, glutathione, and ConA in PBS buffer compared to the
mixture consisting of free RITC-Dx in PBS buffer. Note that
the amount of RITC-Dx in both solutions was the same, 0.36
mg/mL. It was found for both systems that the transmittance
decreased with time and reached a plateau after 2 days. These
results suggest the formation of aggregates caused by the
interaction of RITC-Dx molecules with ConA, resulting in an
increase in the turbidity of the mixtures. Large aggregates were

Figure 2. Images of nanogels containing RITC-dextran in water before and after the addition of dithiothreitol (DTT) (a) and optical fluorescence
microscopy images of nanogel aggregates loaded with RITC-dextran before (b) and after (c) degradation in water. Thin films were spun cast
onto a cleaned glass plate and dried at room temperature for 10 min. The scale bars in b and c are 50 µm.

Figure 3. UV-vis spectra of free RITC-Dx at 0.78, 0.48, and 0.22 mg/mL and RITC-Dx-containing nanogels degraded in the presence of
DTT in water (a) and the calibration curve of absorbance at 555 nm vs the amount of RITC-Dx (b). The UV-vis spectrum of degraded RITC-
Dx-containing nanogels was shifted to produce a clear view.

Table 1. Extent of Incorporation of RITC-Dx in Nanogels
Prepared by AGET ATRP of OEOMA in Cyclohexane Inverse
Miniemulsion in the Presence of DMA and RITC-Dx at 30 °C

incorporationRITC-Dx added to the
polymerization (wt %) level (%)a efficiency (%)b

2.9 4.0 84
6.8 9.1 81

a Weight ratio of RITC-Dx to nanogels. b Weight ratio of RITC-Dx
incorporated into nanogels to that added to the polymerization. Efficiency
(%) ) level/(amount of RITC-Dx added to polymerization/conversion).
The amount of RITC-Dx added to the polymerization was calculated on
the basis of monomer conversion to be 60% as determined by GPC
measurements.
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finally precipitated, as observed in the inset of Figure 5. These
results imply that carbohydrate drugs released from nanogels
upon degradation interact with the targeted proteins. However,
the extent of interaction between RITC-Dx and ConA was
somewhat lower in the presence of degraded polymers than in
the absence of degraded polymers. For example, the transmit-
tance was 39% for the mixture with degraded nanogels,
compared to 7% for the mixture without nanogels after 2 days.
This difference is probably due to incomplete degradation of
RITC-Dx-loaded nanogels upon degradation in water. The
dextran is still entrapped; therefore, these molecules cannot
interact with ConA, reducing the number of interactions.

Conclusions

Stable nanogels entrapped with different amounts of RITC-
Dx as model water-soluble biomacromolecular drugs were
successfully prepared using ATRP in a cyclohexane inverse
miniemulsion in the presence of RITC-Dx and DMA disulfide-

functionalized cross linker. The extent of incorporation of
RITC-Dx into nanogels upon degradation of nanogels was
characterized by UV-vis spectroscopy. The loading efficiency
of RITC-Dx into nanogels exceeded 80%. Significant amounts
of these nanogels (over 95%) were degraded into polymeric
sols using water-soluble reducing agents, including DTT and
biocompatible tripeptide glutathione. Release experiments dem-
onstrated that degradation can trigger the controlled release of
encapsulated carbohydrate drugs. The released carbohydrate
biomolecules from nanogels upon degradation were able to
interact specifically with proteins and lectins such as ConA in
water.

These results suggest that nanogels could deliver carbohydrate
drugs that could be released upon degradation in the presence
of biocompatible glutathione to bind to pathogens based on
lectins.
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