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Amphiphilic mannan (mannan-C16) was synthesized by the Michael addition of hydrophobic 1-hexadecanethiol (C16)
to hydroxyethyl methacrylated mannan (mannan-HEMA). Mannan-C16 formed nanosized aggregates in water by self-
assembly via the hydrophobic interaction amongC16molecules as confirmed byhydrogen nuclearmagnetic resonance (1H
NMR), fluorescence spectroscopy, cryo-field emission scanning electron microscopy (cryo-FESEM), and dynamic light
scattering (DLS). The mannan-C16 critical aggregation concentration (cac), calculated by fluorescence spectroscopy with
Nile red and pyrene, ranged between 0.04 and 0.02mg/mL depending on the polymer degree of substitution of C16 relative
to methacrylated groups. Cryo-FESEM micrographs revealed that mannan-C16 formed irregular spherical macromole-
cular micelles, in this work designated as nanogels, with diameters ranging between 100 and 500 nm. The influence of the
polymer degree of substitution, DSHEMA andDSC16

, on the nanogel size and zeta potential was studied byDLS at different
pH values and ionic strength and as a function of mannan-C16 and urea concentrations. Under all tested conditions, the
nanogel was negatively charged with a zeta potential close to zero. Mannan-C16 with higher DSHEMA and DSC16

values
formed larger nanogels andwere also less stable over a 6month storage period andat concentrations close to the cac.When
exposed to solutions of different pH and aggressive conditions of ionic strength and urea concentration, the size of
mannan-C16 varied to some extent but was always in the nanoscale range.

Introduction

The self-assembly phenomenonhas beendefined as the autono-
mous, spontaneous, and reversible organization of molecular
units into structurally stable and well-defined aggregates in which
defects are energetically rejected. This process is cost-effective,
versatile, and facile.1-3 Self-assembly occurs toward the system’s
thermodynamic minima and through a balance of attractive and
repulsive interactions, which are generally weak and noncovalent,
such as electrostatic, van der Waals, and Coulomb interactions,
hydrophobic forces, and hydrogen bonds.4

Above the critical aggregation concentration (cac), amphiphilic
polymers can self-assemble in water because of hydration forces,
namely, intra- and/or intermolecular hydrophilic and hydropho-
bic interactions.5 In other words, the nanostructure builds itself.

Recently, different hydrophobically modified polymers have
been designed as new solutions for multifunctional pharmaceu-
tical nanocarriers. A variety of molecules can be encapsulated
within the particle core, entrapped in the polymer matrix,
chemically attached, and/or physically adsorbed at the surface
of the macromolecular micelles, also designated by some authors
as nanogels. In this work, we adopt this terminology, with the
term nanogel referring to the hydrogel-like;highly porous and
hydrated;nanosizedmaterial. Through combining several useful
properties in one nanogel, the possibility to enhance the efficacy
of many therapeutic and diagnostic protocols arose.6

Various macromolecular polysaccharides have been reported
as molecular carriers, including chitosan,7 dextran,8 dextrin,9

mannan,10,11 pullulan,10,12,13 hyaluronic acid,14 either in their
native forms or as carrier conjugates.15 Among them, we selected
mannan, from Saccharomyces cerevisiae, which consists of an
R-1,6-linked mannose backbone with a high percentage of R-1,2
and R-1,3 side chains of different composition.16 Mannan is a
biodegradable, biocompatible polymer and has been described as
a promising targeted delivery system.10,17-19 Mannan potentially
targets antigen-presenting cells (APCs) because dendritic cells and
macrophages express on their surface mannose receptor, which
recognizes carbohydrates present on the cell walls of infectious
agents. The mannose receptor is part of the multilectin receptor
proteins and provides a link between innate and adaptive
immunity.19-22
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In this study, we aimed to develop new amphiphilic conjugates
by the Michael addition of hydrophobic 1-hexadecanethiol (C16)
to hydroxyethyl methacrylated mannan (mannan-HEMA), also
produced in this work. We studied the self-assembly of mannan-
C16 in an aqueous environment by 1H NMR and fluorescence
spectroscopy with hydrophobic fluorescent probes Nile red and
pyrene. Relevant features such as the chemical structure, size,
surface charge, andmorphology of themannan-C16 nanogel were
characterized using 1H NMR spectroscopy, cryo-field emission
scanning electron microscopy (cryo-FESEM), and dynamic light
scattering (DLS).

Materials and Methods

Materials.CDI-activatedhydroxyethylmethacrylate (HEMA-
CI) was produced as described by van Dijk-Wolthuis et al.23

Mannan (from S. cerevisiae), dimethyl sulfoxide (DMSO),
4-(N,N-dimethylamino)pyridine (DMAP), triethylamine (TEA),
1-hexadecanethiol, deuterium oxide (D2O), dimethyl sulfoxide-d6
(DMSO-d6), pyrene (Py), and 9-(diethylamino)-5H-benzo[R]phe-
noxazin-5-one (Nile red, NR) were purchased from Sigma-
Aldrich. Pyrene was purified by appropriate recrystallization
from absolute ethanol. Phosphotungstic acid was purchased
from Riedel-de Ha€en. Regenerated cellulose tubular mem-
branes, with a 12 000-14 000 nominal MWCO, were obtained
fromMembrane Filtration Products.Water was purified with a
Milli-Q system (Millipore). Other organic and inorganic che-
micals were purchased from Sigma-Aldrich and used without
further purification.

Synthesis of AmphiphilicMannan-C16.HEMA-derivatized
mannan (mannan-HEMA) was prepared as described by van
Dijk-Wolthuis et al.23Briefly,mannanwasdissolved indryDMSO
in a nitrogen atmosphere to a concentration of 3-5% w/v with
different calculated amounts of HEMA-CI resulting in 0.25 and
0.4 molar ratios of HEMA-CI to mannose residues. The reaction
catalyzed by DMAP (2 mol equiv to HEMA-CI) was allowed to
proceed, and the mixture was stirred at room temperature for
4 days. The reaction was terminated with concentrated HCl
(2% v/v), which neutralized DMAP and imidazole. The mixture
was thendialyzedagainst frequently changeddistilledwater at 4 �C
for 3 days. After being lyophilized, mannan-HEMA resulted as a
pallid-yellow, fluffy product that was stored at -20 �C. Finally,
amphiphilic molecule mannan-HEMA-SC16 (mannan-C16) was
produced as described elsewhere.9 Briefly, mannan-HEMA and
C16 at 1, 1.2, and 2molar ratios of C16 toHEMA-CIweremixed in
DMSO (equivalent HEMA = 0.03 M). The reaction mixture
catalyzed byTEA (2mol equivwith respect toHEMA)was stirred
for 3.5 days at 50 �C. The resultingmixture was dialyzed for 3 days
against frequently changed distilled water at room temperature.
After being lyophilized, mannan-C16 resulted as a pallid-yellow,
fluffy product that was stored at -20 �C.

1H NMR Spectroscopy. Lyophilized reaction products were
dispersed in D2O (5 mg/mL). Mannan-C16 was also dispersed in
DMSO-d6 and in 10%D2O-DMSO-d6 (5 mg/mL). Samples were
stirred overnight at 50 �C to obtain a clear dispersion, which was
transferred to 5 mm NMR tubes. One-dimensional 1H NMR
measurements were performed with a Varian Unity Plus 300
spectrometer operating at 299.94 MHz. One-dimensional 1H
NMR spectra were recorded at 298 K with 256 scans, a spectral
width of 5000 Hz, a relaxation delay of 1 s between scans, and an
acquisition time of 2.8 s.

Fluorescence Spectroscopy. The cac of mannan-C16 was
fluorometrically investigated using hydrophobic guest molecules
such asNRandPy,whosemaximum solubility values inwater are
1� 10-6 and 5� 10-7M, respectively. The fluorescence intensity
changeof these guestmoleculeswas calculated as a functionof the

mannan-C16 concentration. Lyophilized mannan-C16 was dis-
persed in ultrapure water (1 mg/mL) with stirring for 3 days at
50 �C.Consecutive dilutions of 1mLof each sample were prepared
in ultrapure water where NR and Py were injected. A volume of
5 μL of a 4 � 10-5 M NR stock solution in ethanol was added,
giving a constant concentration of 2 � 10-7 M in 0.5% ethanol/
water for allNR fluorescencemeasurements.A volumeof 5μLof a
1.2 � 10-4 M Py stock solution in ethanol was added, giving a
constant concentrationof 6� 10-7M in 0.5%ethanol/water for all
Py fluorescence measurements. Samples were stirred overnight
before fluorescence measurements, which were performed with a
Spex Fluorolog 3 spectrofluorimeter at room temperature. The slit
width was set at 5 nm for excitation and 5 nm for emission. All
spectra were corrected for the instrumental response of the system.
The cac was calculated using both themaximum emission intensity
of NR (λex = 570 nm) and the Py fluorescence intensity ratio of
the third (384-385 nm) and first vibrational bands (372-374 nm)
(I3/I1) of the emission spectra (λex = 339 nm) in the mannan-C16/
water system as a function of mannan-C16 concentration; in both
cases, the cac was estimated as the interception of two trend lines.

Sample Preparation. Lyophilizedmannan-C16 was dispersed
in ultrapurewater (1mg/mL) with stirring for 3 days at 50 �C.The
resulting milky colloidal dispersion was filtered through the
membrane filter (pore size 0.45μm).Material lost during filtration
was residual, as verified using the phenol-sulfuric acidmethod.24

Cryo-Field Emission Scanning Electron Microscopy

(Cryo-FESEM). The mannan-C16 nanogel concentrated by
ultrafiltration (Amicon Ultra-4 Centrifugal Filter Units, cutoff
molecular weight 1 � 105) was negatively stained with phospho-
tungstic acid (0.01% w/v). Samples were placed into brass rivets
andplunged frozen into slushnitrogenat-200 �Cand then stored
in liquid nitrogen and transferred to the cryo stage (Gatan, Alto
2500, U.K.) of an electronic microscope (SEM/EDS: FESEM
JEOL JSM6301F/Oxford Inca Energy 350). Each sample was
fractured on the cryo stage with a knife. In the microscope, the
sublimation of any unwanted surface ice was carried out in the
cryo chamber for 10 min at -95 �C. At -140 �C, samples were
sputter coated with gold and palladium using an accelerating
voltage of 10kV.The copper antipollutant covers andprotects the
sample. The samples were observed at -140 �C at 15 kV. The
solvent used in the preparation of the samples (water and
phosphotungstic acid) was also observed as a negative control.

Dynamic Light Scattering (DLS). The size distribution and
zeta potential measurements were performed in a Malvern Zeta-
sizer NANO ZS (Malvern Instruments Limited, U.K.). For each
sample (1 mL), the size was measured periodically during
6 months of storage in a polystyrene cell at 25 �C using a He-Ne
laser with a 633 nm wavelength, a detector angle of 173�, and a
refractive index of 1.33. The values reported correspond to the
polydispersity index (pdI) and the z-average diameter, that is, the
mean hydrodynamic diameter, and represent the mean ( SD
obtained after 10 repeated measurements.

The zeta potential and size of each sample dispersed in phos-
phate-buffered saline (PBS 1�, pH 7.4) and in phosphate-citrate
buffer (pH 2.2-8.0) were analyzed at 37 �C in a folded capillary
cell. The zeta potential values were calculated using the Smolu-
chowski equation. The size distribution of each sample dispersed
in dilutions of NaCl (0-0.6 M) and urea (0-7 M) was evaluated
at 37 �C. The values reported for the mean hydrodynamic
diameter and zeta potential represent the mean ( SD obtained
with three independent experiments, with three repeatedmeasure-
ments being performed in each one.

Results and Discussion

Synthesis of Mannan-C16. Amphiphilic mannan-C16 was
synthesized in a two-step reaction. In the first step, methacrylated

(23) van Dijk-Wolthuis, W. N. E.; Tsang, S. K. Y.; Kettenes-van den Bosch,
J. J.; Hennink, W. E. Polymer 1997, 38, 6235–6242.

(24) Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A.; Smith, F. Anal.
Chem. 1956, 28, 350–356.
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mannan was obtained by coupling HEMA-CI to mannan. A
majority of HEMA groups, according to several authors, are
likely coupled to the 6C of the mannose residues of the grafts.16,25

In the second step, the thiol acting as a nucleophile reacted with
graftedmethacrylate by aMichael additionmechanism, as shown
in Scheme 1.

1H NMR Measurements. The purity, chemical structure,
and polymer degree of substitution (DS) of the reaction products
were controlled using 1H NMR spectra in D2O, as shown in
Figure 1. The characteristic peaks of the protons of the unsatu-
rated carbons of the acrylate groups of methacrylated mannan

appeared in the range of 6.18 and 5.77 ppm.23 The successful
formation of mannan-C16 was confirmed by the peaks appearing
between 1.8 and 0.6 ppm, which correspond to the grafted alkyl
moiety.9 In both spectra, the anomeric protons of mannan can be
identified because their resonances lie in the range of 4.9-5.5 ppm
whereas the remaining protons of mannan appear in the range of
3.5-4.5 ppm.26 Mannan-C16 was washed with n-hexane, and the
1H NMR analysis was repeated. Because no differences were
observed, it was possible to conclude that the alkyl chain was
covalently bound to the methacrylate group (data not shown).

The degree of substitution of methacrylate groups (DSHEMA,
defined as the number of methacrylate groups per 100 man-
nose residues), was calculated from the 1H NMR spectra of

Figure 1. (a) 1HNMRspectrumofmannan-HEMA(5mg/mL) inD2Oand 1HNMRspectra ofmannan-C16 (5mg/mL) in (b)DMSO-d6, (c)
10% D2O in DMSO-d6, and (d) D2O using MHC16-6.5-1.5 as an example.

Scheme 1. Synthesis of Mannan-C16

(25) Arigita, C.; van den Berg, J.; Wensink, K.; van Steenbergen, M.; Hennink,
W. E.; Crommelin, D. J. A.; Kersten, G. F. A.; Jiskoot, W. Eur. J. Pharm. Sci.
2004, 21, 131–141. (26) Kath, F.; Kulicke, W. M. Appl. Macromol. Chem. Phys. 1999, 268, 69–80.
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mannan-HEMA in D2O with the equation (Ia)/(IH1) � 100, in
which Ia is the average integral of the protons of the unsatu-
rated carbons of the acrylate groups (around 6 ppm) and IH1 is
the integral of the anomeric proton (4.9-5.5 ppm).23 The
degree of substitution with the hydrophobic alkyl chains
(DSC16

, defined as the number of alkyl chains per 100 mannose
residues) was calculated from the 1HNMR spectra of mannan-
C16 in D2O as (7X)/(37Y) � 100, in which X is the average
integral corresponding to the protons from alkyl moieties
(1.8-0.6 ppm) and Y is the integral of all mannan protons
(3.5-5.5 ppm).9

By varying the molar ratio of HEMA-CI to mannose residues
and the molar ratio of C16 to HEMA-CI, different independent
batches of mannan-C16 with different DSHEMA and DSC16

were
obtained, indicating this method to be versatile, simple, and
reproducible, as shown in Table 1.

The self-assembly of amphiphilic mannan-C16 in water was
studied using 1HNMR spectroscopy. The shape and width of the
proton signals of C16 (1.8-0.6 ppm) depend on the polarity of the
solvent used to record the 1HNMR spectra, as shown in Figure 1.
Therefore, the association of the hydrophobic alkyl chains in
forming nanogels can be detected by 1H NMR. The signals
provided by the methyl (0.8 ppm) and methylene (1.1 ppm)
groups were sharp in DMSO-d6 but tended to be gradually
broadened at the base with an increase in the D2O content in
DMSO-d6. A large amount of broadening was clear in pure D2O,
which is characteristic of the superposition of peaks representing a
collection of chemically identical species yet possessing various
degrees of mobility.27 This result suggests that, when dispersed in
water, part of the alkyl chains were exposed to hydrophobic
microdomains (lowmobility) but othersmight have been exposed
to the hydrophilic solvent (high mobility). In DMSO-d6, all
hydrophobic chains were exposed to the solvent, having the same
mobility, because the material is well dissolved.9 In contrast, the
mobility of the polysaccharide skeleton of mannan-C16 was kept
in environments of different polarity. These data suggested that
the mannan-C16 nanogel is obtained upon self-aggregation in
water through the alkyl hydrophobic chains;partial water
exclusion due to the hydrophobic interaction;and also owing
to the relatively mobile shell of the hydrated polysaccharide
skeleton on the outer surface of the nanogel.
Critical Aggregation Concentration of Mannan-C16. The

self-assemblyofmannan-C16 in aqueous solutionswas also studied
by fluorescence spectroscopy. The cac of mannan-C16 with differ-
ent DS values was studied using hydrophobic dyes, NR,28 and

Py,29,30 which are poorly soluble and weakly fluorescent in water.
In contrast, their solubility and fluorescence dramatically increase
in a hydrophobic medium.

The fluorescence measurements in Figures 2 and 4 showed that
for lower concentrations of mannan-C16, amphiphilic molecules
exist in aqueous solutions as individual molecules (premicelle
aqueous environment, zone A); the fluorescence intensity of NR
remained constant, without any shift in the maximum emission
wavelength. For higher concentrations, above the cac, an increase
in intensity associated with a strong blue shift was observed, which
is attributed to NR being close to (or inside) mannan-C16 hydro-
phobic domains. These hydrophobic domains are of two typeswith
different hydration levels (zones B and C). However, the hydro-
phobic domains do not correspond to a typical surfactant system.

In the case of Py fluorescence, the spectra obtained in this study
were typical of Py photophysical behavior. A red shift was

Table 1. Characteristics of Mannan-C16

theoretical
DSHEMA (%)a

real
DSHEMA (%)b

theoretical
DSC16 (%)c

real
DSC16 (%)d

obtained DSC16 relative to
methacrylated groups (%)e

efficiency
(%)f mannan-C16

g

25 5 100 0.6 12 12 MHC16-5-0.6
25 5 120 1.2 24 20 MHC16-5-1.2
25 5 200 4.1 82 41 MHC16-5-4.1
40 6.5 120 1.5 23 19 MHC16-6.5-1.5
40 6.5 200 2.5 38 19 MHC16-6.5-2.5

aCalculated as themolar ratio ofHEMA-CI tomannose residue (�100) in the reactionmixture. bCalculated by 1HNMRofmannan-HEMA inD2O.
cCalculated as the molar ratio of C16 to HEMA (�100) in the reaction mixture. dCalculated by 1HNMR of mannan-C16 in D2O. eCalculated using the
following equation: real DSC16

/real DSHEMA (�100). fCalculated as the ratio of the obtained to the theoretical DSC16
(�100). gMannan-HEMA-SC16

synthesized: MHC16-DSHEMA-DSC16.

Figure 2. Area-normalized fluorescence excitation (λem=650nm)
and emission (λex=570 nm) spectra ofNile red (2� 10-7M) in the
mannan-C16/water system as a function of mannan-C16 concentra-
tion obtained for MHC16-5-0.6, as an example.

(27) Hrkach, J. S.; Peracchia, M. T.; Domb, A.; Lotan, N.; Langer, R.
Biomaterials 1997, 18, 27–30.
(28) Coutinho, P. J.G.; Castanheira, E.M. S.; Rei,M.C.;Oliveira,M.E.C.D.R.

J. Phys. Chem. B 2002, 106, 12841–12846.
(29) Kalyanasundaram, K.; Thomas, J. K. J. Am. Chem. Soc. 1977, 99, 2039–

2044.
(30) Dong, D. C.; Winnik, M. A. Can. J. Chem. 1984, 62, 2560–2565.
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observed in the excitation spectra, and the intensity increasedwith
increasing concentration of mannan-C16, as shown in Figure 3.
I3/I1 oscillated with a linear trend below the cac value, but a small
I3/I1 increase above this value was observed, as shown inFigure 4.
This transition of intensity reflected the transference of Py to a less
polar micellar domain, which was coincident with the onset of the
supramolecular formation ofmannan-C16. However, some bands
in the 450 nm region still appear above cac. This indicates the
presence of Py dimers and can be explained by the high water
penetration into the nanogel and is consistent with the 1H NMR
measurements.

The increase in the mannan-C16 concentration corresponds to
an increased number of hydrophobic domains, allowing the
solubility of more NR and Py; consequently, the fluorescence
that is detected continues to increase. A second plateau is not
achieved, as shown in Figure 4, either because the highest
concentration of mannan-C16 used was not enough to enclose
all of the hydrophobic dyes and saturation was not attained or
because the NR or Py molecules, although enclosed in the
hydrophobic domains, are sensitive to differences in the hydration
level or different degrees of exposure to water and are still
redistributing to hydrophobic domains with lower hydration
levels as the mannan-C16 concentration increases above the cac.
The effect is less defined in the case of Py because of the formation
of Py dimers in hydrophobic domains with greater hydration
levels.

The cac values obtained by fluorescence measurements with
both dyes (Table 2) were consistent and exhibit a dependence on
the obtained DSC16

relative to methacrylated groups, confirming

that C16 governs the propensity of these molecules to self-
assemble in water. The cac was 0.04 mg/mL for lower DSC16

values relative tomethacrylated group values (12%forMHC16-5-
0.6, 24% for MHC16-5-1.2, and 38% for MHC16-6.5-2.5). In
contrast, for MHC16-5-4.1 with DSC16

relative to acrylate groups
of 82%, the cac decreased to 0.02 mg/mL.
Size and Shape of Mannan-C16 Nanogels. Cryo-FESEM is

the most valuable technique in the visualization of the colloidal
systems. Indeed, using this technique, the samples may be observed
to be close to their natural state.31 The mannan-C16 nanogel was
heterogeneous in terms of both size and shape, as shown in Figure 5.
The majority of macromolecular micelles observed may be described
as imperfect spheres, with diameters ranging between 100 and 500 nm
for MHC16-5-1.2 and between 200 and 500 nm for MHC16-6.5-2.5.
Size and Surface Charge of a Mannan-C16 Nanogel. The

size and surface charge of a mannan-C16 nanogel with different
DSHEMAandDSC16

valueswere evaluated during storage and also
in various environments as a function of pH and mannan-C16,
NaCl, and urea concentrations by studying the variation of the
mean hydrodynamic diameter and zeta potential obtained using
DLS.The size and surface charge of the self-assembled particulate
species play important roles in determining the stability in
solution, the susceptibility to aggregate disassembly, coagulation,
and precipitation, and protein and cellular surface binding in
vivo. Zeta potential values higher than 30 mV and lower than
-30 mM are typical of colloids stabilized by electrostatic forces.

Storage. The size distribution of a mannan-C16 nanogel with
different DS values in ultrapure water was evaluated using DLS,
over a storage period of 6 months, at room temperature (25 �C).
The results are shown inFigure 6. Throughout the storage period,
MHC16-5-1.2 kept the mean hydrodynamic diameter stable, in
the range of 108-234 nm; theMHC16-6.5-2.5 size oscillated in the
range of 218-429 nm. Both samples exhibited fairly high poly-
dispersity, with an average pdI of 0.63. This result was consistent
with the cryo-FESEM micrographs.

Effect of the Concentration of Mannan-C16. The micellar
size ismainly determinedby the hydrophobic forces that sequester

Figure 3. Fluorescence excitation (λem = 390 nm) and emission
(λex= 339 nm) spectra of pyrene (6� 10-7M) in themannan-C16/
water system as a function of mannan-C16 concentration obtained
for MHC16-5-0.6, as an example.

Figure 4. Maximum emission intensity of Nile red (b, λex =
570 nm) and pyrene fluorescence intensity ratio I3/I1 (9, λex =
339 nm) in themannan-C16/water system as a function ofmannan-
C16 concentration obtained for MHC16-5-0.6, as an example.

Table 2. Critical Aggregation Concentration Calculated forMannan-

C16 by Fluorescence Spectroscopy Using Nile Red and Pyrene

NR cac (mg/mL) Py cac (mg/mL)

MHC16-5-0.6 0.04 0.04
MHC16-5-1.2 0.04 0.04
MHC16-6.5-2.5 0.04 0.04
MHC16-5-4.1 0.02 0.02

(31) Krauel, K.; Girvan, L.; Hook, S.; Rades, T. Micron 2007, 38, 796–803.
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the hydrophobic chains in the core and by the excluded volume
repulsion between the chains that limits their size. The mean
hydrodynamic diameter tended to be much larger for lower
concentrations of mannan-C16, and the material showed more
instability. At 0.05mg/mL, close to the cac, loose aggregates were
formed that contained a significant quantity of solvent inside. For
higher concentrations, the equilibrium favored nanogel forma-
tion. Micelles adopt their low-energy-state configuration while
the remaining solvent is gradually released from the hydrophobic
core, resulting in a decrease in nanogel size.32 These results are in
agreement with the two types of hydrophobic environments with
different hydration levels observed with NR and Py fluorescence.
Amphiphilic mannan-C16 resulted in mannan being randomly
substituted with hydrophobic alkyl chains. In randomlymodified
polymers, hydrophobic and hydrophilic parts are entangled
together, which permits interaction between the core and the
aqueous media. Exposed hydrophobic cores within a less mobile
shell formed by hydrophilic chains may result in the secondary

aggregation of polymeric micelles, which might explain the
presence of large macromolecular micelles for lower concentra-
tions of mannan-C16.

32

The zeta potential of the mannan-C16 nanogel was apparently
unaffected by the variation in concentration of mannan-C16

ranging between -8 and -26 mV, as shown in Figure 7. Thus,
because the electrostatic forces are apparently not strong enough,
the stability of the nanogel might be due to the hydration forces.

Effect of pH. The size distributions and zeta potential of
mannan-C16 studied as a function of pH using phosphate-citrate
buffer (pH 2.2-8.0) were compared to values obtained in water
and PBS (Figure 8). The mean hydrodynamic diameter values
obtained for MHC16-5-1.2 were larger in strong acidic solutions
than in neutral, basic, and PBS solutions. The smallest size was
observed at pH 6, although it was slightly larger than in water.
The mean hydrodynamic diameter values for MHC16-6.5-2.5
were smaller in pH 4 and 5 and PBS solutions; in other pH
solutions, the nanogel presented a size as obtained in water yet
with higher instability. For both materials, in all solutions, zeta
potential values were found to be negative but still close to zero
in the region of -2 to -13 mV. This is a relative small value
indicating little repulsion between macromolecular micelles to
prevent aggregation. However, even with the zeta potential close
to zero in some environments, the nanogel is shown tobe stable on
the nanoscale. The nearly neutral charge is valuable for in vivouse
because large positive or negative charges may be rapidly cleared
from the blood. Positively charged polymers and nanogels cause
nonspecific cell sticking, and negatively charged polymers and
nanogels are efficiently taken up by scavenger endothelial cells or
“professional pinocytes” found in the liver.33

Effect of Ionic Strength. Salts are known to have the ability to
destabilize colloidal systems by removing the electrostatic barrier
that prevents micelle aggregation. When added in enough quan-
tity to a stable dispersion, salts may neutralize the surface charge
of the macromolecular micelles, which removes the repulsive

Figure 5. Cryo-FESEM negatively stained micrographs of a
mannan-C16 nanogel: (a) MHC16-5-1.2 (magnification 15 000�)
and (b) MHC16-6.5-2.5 (magnification 30 000�).

Figure 6. Size of mannan-C16 nanogel water dispersions (1 mg/
mL) measured periodically in DLS (mean ( S.D., n = 10) over a
storage period of 6 months at room temperature (25 �C).

Figure 7. Influence of concentration on the size and zeta potential
ofmannan-C16 nanogelwater dispersions (0.05-2mg/mL) at 37 �C.
The results shown were calculated via DLS (mean( S.D., n= 3).

Figure 8. Influence of pH on the size and zeta potential of man-
nan-C16 nanogel dispersions (1 mg/mL) at 37 �C in water, phos-
phate-buffered saline (PBS 1�, pH 7.4), and phosphate-citrate
buffer (pH 2.2-8.0). The results shown were calculated via DLS
(mean( S.D., n= 3).

(32) Jones, M. C.; Leroux, J. C. Eur. J. Pharm. Biopharm. 1999, 48, 101–111. (33) Smedsrod, B. Comp. Hepatol. 2004, 3(Suppl 1), S22.
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forces that keep micelles separate and allows for coagulation due
to van der Waals forces. Compared to that in salt-free solution,
the mean hydrodynamic diameter for MHC16-5-1.2 decreased
when the NaCl concentration was 0.3 and 0.6 M. A slight
instability was observed for MHC16-6.5-2.5 because the mean
hydrodynamic diameter decreased when the NaCl concentration
was between 0.1 and 0.3 M but leveled off when a higher
concentration of NaCl (0.6 M) was applied, as shown in
Figure 9. No flocculation was observed. The results obtained
showed that NaCl, at tested concentrations, was not able to
destabilize the size of the mannan-C16 colloidal system.

Although theDerjaguin-Landau-Verwey-Overbeek (DLVO)
theory effectively explains the long-range interaction forces ob-
served in a large number of systems, when two surfaces ormicelles
are a few nanometers apart, the interactions between two solid
surfaces in a liquid medium fail to be accounted for and can be
much stronger. The other additional non-DLVO forces, such as
the solvation force, hydrophobic force, or steric force, can be
monotonically repulsive, monotonically attractive, or even oscilla-
tory. The solvation forces referred to as hydration forces, when the
solvent is water, depend both on the chemical and physical
properties of the surfaces (e.g., wettability, crystal structure, surface
morphology, and rigidity) and on the properties of the intervening
medium.34 The physical mechanisms underlying the hydration
force might be the anomalous polarization of water near the
interfaces, which completely alters its dielectric response. Instead,
the repulsive forces might be due to the entropic (osmotic) repul-
sion of thermally excited molecular groups that protrude from the
surfaces,which explainsmany experimental observations in neutral
systems.34 The observed stability of the nanogel (no aggregation or
flocculation is observed) with increasing ionic strength thus sug-
gests that non-DLVO forces are relevant to the colloidal behavior
of this nanogel. Besides hydration forces, steric effects, which play a
rolewhenever a reduction in the degree of freedomof themolecules
in interacting colloids contributes to the stabilization of those
colloids, may also be relevant in the present case.

Effect of Urea.Urea has been described as being able to break
intramolecular hydrogen bonds and to destabilize hydrophobic
domains.35,36 The mean hydrodynamic diameter obtained for
MHC16-5-1.2 in water (176 nm) was similar to that obtained in
5Murea, larger than that in 1 and 3Murea, and smaller than that
in 7 M urea (214 nm). A stronger variability was observed for
MHC16-6.5-2.5 because the mean hydrodynamic diameter was
smaller than inwater (325 nm) for urea at concentrations between
1 and 5 M and significantly larger for urea at 7 M (519 nm), as
shown in Figure 10. Although the changeability in the experi-
mental results, urea did not significantly affect the self-assembly
of the amphiphilic system in water and consequently nanogel
formation.

The nanogels have been developed as a key strategy to deliver
conventional drugs, recombinant proteins, vaccines, and nucleo-
tides, transforming their kinetics, body distribution, and bioavail-
ability. Nanoformulations will require controllable features, such
as dimension (diameter<200 nm), nearly neutral surface charge,
stability for prolonged circulation in blood, nontoxicity to cells,
proper degradability (to modulate the release of encapsulated
biomolecules and to enable the removal of an empty device after
drug release from the body), bioconjugation to targeted cells,
high-loading efficiency, and controllable release of encapsulated
therapeutics, reducing undesired side effects.37-40

The low cac values ofmannan-C16 indicate the thermodynamic
stability of self-aggregates under dilute conditions. The cac might
be further reduced by increasing the hydrophobicity, augmenting
DSC16

. Because polymeric micelles suffer dilution upon intrave-
nous administration (usually about a 25-fold dilution for a bolus
injection or a much higher dilution at infusion), this low cac is
advantageous tomaintaining themicellar structure that facilitates
prolonged circulation in the bloodstream.41,42 All polymers are
characterized by a concentration window suitable for each
delivery application because below the cac the micelles may be
destroyed early, releasing the encapsulated therapeutic molecule
before attaining its target, and because above a critical value
micelle aggregation and precipitation might occur.42,43

Supramolecular self-assembled mannan-C16 might be useful in
designing polymeric multifunctional nanocarriers (e.g., nanother-
anostics, i.e. complementation of diagnostic tools with therapeu-
ticmodalities) because it bears functional groups formodification
purposes, has adjustable chemical and mechanical properties,
undergoes size alteration in a controlledmanner depending on the
DS of the amphiphile, and has a high water content.

Those nanogels have an interior network for the possible
incorporation of hydrophobic therapeutics, physically protecting
them, by hydrophilic polymer chains, from degradation in vivo.
The nanoencapsulation and controllable release of therapeutics
will simplify their delivery or enhance their efficacy because
therapeutics become more stable, or active, and are more effi-
ciently delivered to targeted cells.

The mannan-C16 nanogel has a large surface area and func-
tional groups for potential multivalent bioconjugation. The
conjugation with cell-targeting ligands recognizing specific cellu-
lar receptors, in attempting to mimic endogenous immunoglobu-
lins, is an approach for efficient systemic active targeted delivery
to specific cells of encapsulated biological agents and drugs. As a

Figure 9. Influence of NaCl on the size of mannan-C16 nanogel
dispersions (1 mg/mL) at 37 �C in NaCl solution (0-0.6 M). The
results shown were calculated in DLS (mean ( S.D., n= 3).

Figure 10. Influence of urea on the size of mannan-C16 nanogel
dispersions (1 mg/mL) at 37 �C in urea solution (0-7 M). The
results shown were calculated in DLS (mean( S.D., n= 3).

(34) Liang, Y.; Hilal, N.; Langston, P.; Starov, V. Adv. Colloid Interface Sci.
2007, 134-135, 151–166.
(35) Mukerjee, P.; Ray, A. J. Phys. Chem. 1963, 67, 190–192.
(36) Moore, D. R.; Mathias, L. J. J. Appl. Polym. Sci. 1986, 32, 6299–6315.

(37) Hamidi, M.; Azadi, A.; Rafiei, P. Adv. Drug Delivery Rev. 2008, 60, 1638–
1649.

(38) Oh, J. K.; Lee, D. I.; Park, J. M. Prog. Polym. Sci. 2009, 34, 1261–1282.
(39) Vinogradov, S. V. Nanomedicine 2010, 5, 165–168.
(40) Kabanov, A. V.; Vinogradov, S. V. Angew. Chem., Int. Ed. 2009, 48, 5418–

5429.
(41) Lee, K.Y.; Jo,W.H.; Kwon, I. C.; Kim,Y.-H.; Jeong, S. Y.Langmuir 1998,
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polymer of mannose, mannan-C16 potentially targets the man-
nose receptor and possibly will activate professional APCs. Cell-
surface-bound receptors represent suitable attractive entry sites
for delivery into cells by the receptor-mediated endocytosis of
specific drugs, genes, or antigens conjugatedwithmacromolecules
or supramolecular structures.19Mannan-C16 originates imperfect
spheres, and spherical particles are subject to more efficient
phagocytosis than ellipsoid or disk-shaped ones, being captured
bymacrophages.38 Therefore, this novel nanogel has the potential
to serve as a universal protein-based vaccine adjuvant and carrier
capable of inducing strong immune responses.

Further work is required to continue characterizing the
mannan-C16 nanogel and its potential as a multifunctional
nanocarrier for biomedical applications.

Conclusions

The synthesis method used for amphiphilic mannan-C16 was
showed to be versatile, simple, and reproducible. Above the cac,
mannan-C16 formed nanosized aggregates under aqueous condi-
tions by the association of the hydrophobic alkyl chains. The cac,
determined by fluorescence spectroscopy with NR and Py, was
consistent and dependent on the obtained DSC16

relative to metha-
crylated groups, ranging between 0.02 and 0.04 mg/mL. Cryo-
FESEM revealed heterogeneous mannan-C16 macromolecular

micelles to be similar to imperfect spheres with different diameters
ranging from 100 to 500 nm. Mannan-C16 with higher DSHEMA

and DSC16
values presented larger values of the mean hydrody-

namic diameter, in which oscillations denoted some instability
during 6 months of storage at room temperature (25 �C). The
mean hydrodynamic diameter tended to be much larger as the
concentration decreased to close to the cac. For both materials,
the size distribution varied on the nanoscale at different pH
values. The effects of salt and urea were stronger for the highest
concentrations tested and more marked for mannan-C16 with
higher DSHEMA and DSC16

but without avoiding nanogel forma-
tion and size stability. The mannan-C16 nanogel under tested
conditions was always negatively charged with a zeta potential
close to zero.

Further work is required to clarify and optimize the character-
istics of these multifunctional nanogels made of mannan as a
water-soluble delivery system for drugs or peptides and proteins
acting, for example, like antigens or antibodies, as new strategies
to target certain disease sites and thus increase the therapeutic
benefit while minimizing side effects.
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