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Polyesters,1 polyorthoesters,2 and polyanhydrides3 are widely
used materials for biomedical applications owing to their biodegradability, biocompatibility, and processability. Microparticles
made from these polymers have been used as carriers for vaccine
applications,4 gene delivery,5 and chemotherapeutic agents.6 The
encapsulated cargo is typically released over the course of several
months via surface erosion and the slow degradation of the
polymer.7
For many drug delivery applications, it is desirable to release
therapeutic agents under mildly acidic conditions, as may be found
in sites of inflammation, lysosomal compartments, or in tumor
tissue.8 Acid-sensitive liposomes, micelles, and hydrogels9 have
been extensively explored, but few easily prepared polymeric
materials exist that combine acid-sensitivity and biodegradability.
Poly(β-amino esters), which are protonated and thus become soluble
at lower pH,10 constitute one such material. However, these
polymers become polycationic under acidic conditions and must
be blended with biocompatible polyesters to reduce their toxicity.11
We sought to create a system with the flexibility and biocompatibility of polyester materials, but with the additional benefit of a
change in rate of payload release sensitive to physiologically
relevant acidic conditions. Therefore, a solubility switching mechanism was envisioned in which a biocompatible, water-soluble
polymer could be reversibly modified to make it insoluble in water,
but soluble in organic solvents. Materials made from the modified
polymer could then be degraded under the specific conditions that
reverse the original modification. Dextran, a bacterially derived
homopolysaccharide of glucose, was chosen because of its biocompatibility, biodegradability, wide availability, and ease of
modification.12 Acetals were chosen to modify dextran because of
their well-understood and tunable pH-dependent hydrolysis rates.13
Dextran was rendered insoluble in water by modification of its
hydroxyl groups through reaction with 2-methoxypropene under
acid catalysis (Figure 1). The high density of pendant acetals makes
the new “acetalated-dextran” (Ac-DEX) soluble in organic solvents
such as dichloromethane, ethyl acetate, or acetone. On the basis of
multiangle light scattering data, the molecular weight of the dextran
increases upon modification from 13 kDa to 29 kDa while its
polydispersity remains essentially constant (1.13 to 1.20), suggesting
a high degree of coverage of the hydroxyl groups and minimal
polymer cross-linking. Using a standard double emulsion protocol,
a model hydrophilic payload, ovalbumin (OVA), was encapsulated
with a protein loading of 3.7 ( 0.4 wt % (Figure 1). Using a single
emulsion technique, we were able to encapsulate a model hydrophobic drug, pyrene, with a loading of 3.6 ( 0.5 wt %. The particles
were imaged using scanning electron microscopy (Supporting
Information, Figure S1) and particle size was analyzed using
dynamic light scattering. The double emulsion particles were found
to have an average diameter of 230 ( 93 nm (Figure S2) and the
single emulsion particles had similar shapes and sizes with an
average diameter of 258 ( 70 nm.
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Figure 1. Synthesis of Ac-DEX and particle formation: (i) 2-methoxypropene, pyridinium-p-toluenesulfonate, DMSO (ii) solvent-evaporation-based
particle formation (scale bar is 2 µm).

Figure 2. (a) Dissolution of dextran from Ac-DEX particles in either pH

5 or pH 7.4 buffer at 37 °C. (b) Normalized 1H NMR data from the
degradation of Ac-DEX particles at pH 5.5 and 37 °C showing integrations
of signals corresponding to acetone, methanol, and acetal groups. (c) Timelapse photos of Ac-DEX particles under physiological or acidic conditions.

Masking the hydroxyl groups of dextran as acetals not only
provides a hydrophobic material that is easily processable using
various emulsion techniques, it also provides a mechanism for
introducing pH-sensitivity. Under mildly acidic aqueous conditions,
the pendant acetal groups are expected to hydrolyze, thus unmasking
the parent hydroxyl groups of dextran. The complete hydrolysis of
Ac-DEX should result in the release of acetone, methanol, and
water-soluble dextran. To study the degradation of Ac-DEX, empty
particles were prepared and incubated under physiological (pH 7.4)
or mildly acidic conditions (pH 5.0) at 37 °C. The supernatant was
analyzed at various times for the presence of reducing polysaccharides using a bicinchoninic acid-based assay.14 Ac-DEX particles
incubated in pH 7.4 buffer remained as an opaque suspension for
days and essentially no soluble dextran was detected after 72 h
(Figure 2a,c). In contrast, suspensions of Ac-DEX particles in pH
5.0 buffer showed continuous release of soluble reducing polysaccharides, becoming transparent after 24 h, thus suggesting full
dissolution of the particles. This pH-dependent degradation of AcDEX particles is further reflected in the release profile of a model
fluorescently-labeled hydrophilic payload (Figure S3). In this
experiment fluorescein isothiocyanate (FITC)-labeled dextran was
released from Ac-DEX particles much faster under acidic conditions
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Figure 3. B3Z assay measuring antigen presentation of RAW macrophages
pulsed with free OVA or Ac-DEX particles encapsulating OVA.

than in pH 7.4 buffer. Specifically, the half-life of the release of
FITC-dextran at 37 °C and pH 5.0 was about 10 h compared to
approximately 15 days at pH 7.4. These release rates may be faster
than bulk particle dissolution due to potential leaching of the
hydrophilic cargo.
The degradation of empty Ac-DEX particles was also followed
using 1H NMR. A suspension of particles was incubated at 37 °C
in deuterated PBS (pH 5.5) in a flame-sealed NMR tube. The release
of acetone and methanol due to acetal hydrolysis was observed
and the normalized integrals of these compounds were plotted as a
function of time (Figure 2b and Figure S4). The particles first
released a roughly equivalent amount of acetone and methanol,
which is consistent with the rapid hydrolysis rate of pendant acyclic
acetals.13 Following this phase, acetone, but not methanol continued
to be released from the degrading particles. This second phase is
presumably due to the slower hydrolysis rate of cyclic isopropylidene acetals, signals from which appear, then subsequently
disappear as the acetals are hydrolyzed.15 Following complete
hydrolysis, the 1H NMR spectrum of the degraded particles showed
signals corresponding only to unmodified dextran, acetone, and
methanol (Figure S5). Based on this final spectrum, it was calculated
that 73% of the available hydroxyl groups were modified and the
ratio of cyclic to acyclic acetals was estimated at 1.8:1.16
We have previously shown that acid-labile polyacrylamide
particles enhance protein-based vaccine efficacy in cancer treatment
by enhancing MHC class I presentation and CD8+ T cell activation.17 However, because the particles are prepared from acrylamide,
toxicity and biocompatibility issues might limit their future clinical
applications. Ac-DEX-based particles are expected to be more
biocompatible than our previous system since the byproducts are
dextran (a clinically used plasma expander), acetone (a nontoxic,
metabolicintermediate),andmethanol(nontoxicinsmallquantities).18,19
To assess the biocompatibility of Ac-DEX particles, we compared
them to particles prepared from an FDA approved polymer, poly
(lactic-co-glycolic acid). We found no significant difference in
toxicity between the two materials in both HeLa cells and RAW
macrophages. To simulate their long-term toxicity, the degradation
products of Ac-DEX particles were also tested and found to be
nontoxic (Figure S6). To assess the feasibility of using Ac-DEXbased materials for vaccine applications, OVA-loaded Ac-DEX
particles were incubated with RAW macrophages. After 6 hours
of incubation, Ac-DEX particles increased MHC class I presentation
of the OVA-derived CD8+ T-cell epitope, SIINFEKL, by a factor
of 16 relative to free OVA (Figure 3) as measured by the B3Z
assay.20 This drastic increase in presentation indicates that these
particles may be promising materials for vaccines against tumors
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and certain viruses, where MHC-I presentation is crucial for the
activation and proliferation of CD8+ T-cells.
In conclusion, we present a new method for the preparation of
acid-sensitive, biocompatible dextran-based materials. Ac-DEX is
synthesized in a single step from a natural polymer, possesses a
favorable toxicity profile, and can be processed into materials
encapsulating either hydrophobic or hydrophilic payloads. Because
of these favorable attributes, Ac-DEX-based materials may have
significant advantages over other pH-sensitive or biocompatible
materials currently used in biomedical applications. We are currently
investigating the functionalization and use of these and other
modified polysaccharides in vaccine and chemotherapeutic settings.
In addition, we believe Ac-DEX has the potential to be used as
scaffolds, sutures, and other bulk materials in vivo because of its
physical properties, biodegradability, and biocompatibility.
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