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The development of antibiotic-resistant bacteria has created
a myriad of new challenges within the healthcare field. Skin
infections caused by drug-resistant Staphylcoccus aureus
(MRSA) account for more than half of all reported cases of
S. aureus skin infections in the United States.[1] Furthermore,
because of the extremely high occurrence of MRSA infec-
tions an estimated 20 000 deaths occur annually.[2] Unfortu-
nately, current problems associated with drug-resistant
microbes extend far beyond gram-positive bacteria such as
MRSA. Perhaps even more distressing is the rapidly increas-
ing antibiotic resistance of gram-negative bacteria, which
already suffers from inadequate treatment options.[3] More-
over, bacteria easily colonize the surfaces of tissue, surgical
devices (implants, orthopedics, catheters, etc.), and instru-
ments causing more than 85% of surgical device related
infections.[4] Bacterial biofilms consist of bacteria and self-
secreted extracellular polymeric substances (EPS),[5] and are
extremely resistant to conventional antibiotics because of

acquired resistance, limited diffusion, and inactivation of
antibiotics in EPS.[4, 6]

Antimicrobial hydrogels are envisioned to be an integral
weapon for combating drug-resistant infections. Since gels
exhibit many polymer characteristics without becoming freely
dissolved, such materials can remain in place under physio-
logical conditions while maintaining antimicrobial activity.
These attributes make them ideal for wound healing, implant/
catheter coatings, skin infections, and even orifice-barrier
applications. Several antimicrobial hydrogels such as quater-
nized ammonium chitosan-graft-poly(ethylene glycol) meth-
acrylate,[7] epsilon-poly-l-lysine-graft-methacrylamide (EPL-
MA),[8] polyelectrolyte complexes (PEC),[9] and self-assem-
bled peptides[10] were reported as having broad-spectrum
activity. However, most examples are based on chitosan
(material derived from crab shells) which can suffer from
immunogenicity and material variance, or are produced from
expensive peptides. Therefore, there is a pressing need to
develop antimicrobial hydrogels from synthetic, cost-effec-
tive, and biodegradable materials with well-defined molecular
structures. It must also be moldable/processable, thus allow-
ing in situ applications. Furthermore, the antimicrobial
hydrogel must remain stable and active for the duration of
its purpose. However, upon completion of its intended use it
should succumb to natural remediation.

Herein, we describe a simple yet effective approach to
generating charged hydrogels using noncovalent interactions,
thus overcoming many of the issues plaguing existing
antimicrobial hydrogels. More specifically, we report a stim-
ulus-responsive antimicrobial gel formed from stereocom-
plexation of biodegradable poly(l-lactide)-b-poly(ethylene
glycol)-b-poly(l-lactide) (PLLA-PEG-PLLA) and a charged
biodegradable polycarbonate triblock polymer (i.e. PDLA-
CPC-PDLA). The stereocomplexes were found to exist as
soluble micelles at room temperature in aqueous solution,
however, upon heating to physiological temperature (ca.
37 8C) gel-like materials with distinctive supramolecular fiber/
ribbon-like structures and shear-thinning behavior were
formed. This drastic change in material properties was also
accompanied by a significant increase in antimicrobial activity
which encompassed gram-positive/gram-negative bacteria,
fungi, and microbial biofilms.

In an effort to obtain biodegradable/biocompatible hydro-
gels free of metal catalyst, all materials were produced using
organocatalyzed living ring-opening polymerization (ROP)
techniques.[11] The PLLA-PEG-PLLA triblock copolymers
synthesized have very narrow molecular weight distributions
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(Figure 1a). This was accomplished using commercially
available PEG diols which served as the central block while
concurrently initiating both outer PLA blocks. It was found
that PEG polymers of more than 6 kDa allowed complete
polymer dissolution in aqueous media assuming lactide blocks
remained at or under 1 kDa. Larger hydrophobic blocks could
be used but required water-miscible solvents such as tetrahy-
drofuran (THF) to promote the initial self-assembly of
polymers, eventually leading to full water solubility. Analo-
gous triblock polymers were then reproduced using d-lactide
(i.e. PDLA-PEG-PDLA) for complementary stereocomplex-
ation studies (Figure 1a). Upon dissolution in water, the
PEG-based copolymers, and their mixture having opposite
stereochemistries, formed clear solutions (Figure 1b,d). In
addition, we observed a cloud point temperature and gelation
upon heating the polymer solution above 60 8C (Figure 1c,e).
This result corresponded analogously to work reported by
Kimura et al.[12] Such behavior is indicative of a lower critical
solution temperature (LCST), which was observed for both
the enantiomerically pure polymer solutions and stereocom-
plexed copolymer system (see Figure S1 in the Supporting
Information).

Copolymers having shorter PLA block lengths (e.g. Mn =

850 and 1000 gmol�1), required no organic solvent for
dispersion in water at ambient temperature. When these
solutions were incubated at 37 8C for 5 hours, opaque, low-

modulus, and viscous solutions were formed at polymer
concentrations of 13.2 % w/v (Figure 1 f). Imaging of PLLA-
PEG-PLLA with an optical microscope showed an abundance
of fiber-like nanostructures, whereas PDLA-PEG-PDLA
formed far fewer fiber-like assemblies (see Figure S2 in the
Supporting Information). After combining PLLA-PEG-
PLLA with PDLA-PEG-PDLA and incubating at 37 8C for
5 h, shorter fibers were formed (Figures S2 and S3) accom-
panied by gel formation and increased modulus (with respect
to enantiomerically pure precursors; Figure 1 f). Interestingly,
the morphology of stereocomplexes was transformed from
micelles into fibers after incubation at 37 8C for 5 hours (see
Table S1 in the Supporting Information). This supramolecular
gel did not show a melting point associated with the PLA
component (Figure S4). A similar finding was reported by
Fujiwara and co-workers[13] on annealed samples of di- and
triblock copolymers of PLA and PEO. Additionally, O�Reilly
and co-workers reported annealed poly(lactide)-b-poly-
(acrylic acid) and poly(lactide)-b-poly(dimethylaminoethyl-
acrylate) micelles which crystallized adjacent lactide blocks
that formed high aspect ratio nanostructures.[14]

Functional cationic triblock polymers (PDLA-CPC-
PDLA) were constructed by synthesizing a polycarbonate
macroinitiator with subsequent d-lactide polymerizations.
Following a previously reported procedure,[15] cyclic carbo-
nates with pendent propyl chloride chains were generated

Figure 1. Formulation of mixed micelle solution comprising PLLA-PEG-PLLA and PDLA-CPC-PDLA. Schematic representation (a) and pictures of
10% w/v solution at 25 8C (b) and at 37 8C (c). At 25 8C the solution is clear fluid and each polymer forms flower-type micelles in an aqueous
environment (d). Upon heating at 37 8C for 30 min, the solution turns into an opaque gel based on stereocomplex formation between
enantiomeric pure polylactide segments in the micelle cores (e). The hydrogel has shear-thinning properties, making it suitable for topical
applications as well as for direct injection into various body cavities (f–i), and viscosity as a function of sheer rate (j). Control Gel (PLLA in PLLA-
PEG-PLLA and PDLA in PDLA-PEG-PDLA at 1:1 molar ratio), Gel 1 (PLLA in PLLA-PEG-PLLA, PDLA in PDLA-CPC-PDLA, and PDLA in PDLA-PEG-
PDLA at 1:0.15:0.85), Gel 2 (1:0.3:0.7 molar ratio), and Gel 3 (PLLA in PLLA-PEG-PLLA and PDLA in PDLA-CPC-PDLA at 1:1 molar ratio).

Angewandte
Chemie

675Angew. Chem. Int. Ed. 2013, 52, 674 –678 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


from 2,2-bis(hydroxymethyl)propionic acid [bis(MPA)]. The
carbonate monomers were then polymerized from a small-
molecule diol, thus affording telechelic polycarbonates.[16]

These polymers were then used to initiate d-lactide polymer-
izations, thereby forming triblock polymers (PDLA-CPC-
PDLA) with a well-defined molecular structure. After
polymer isolation the pendent propyl chloride chains were
quaternized with excess trimethylamine (TMA) in acetoni-
trile yielding cationic PDLA-CPC-PDLA materials. Three
separate PDLA-CPC-PDLA polymer compositions were
studied: 1k-6k-1k (PC1), 2k-13k-2k (PC2) and 1.5k-6k-1.5k
(PC3). The utilization of a central cationic block produced
water-soluble materials, which spontaneously formed spher-
ical micelles ranging from 134 to 181 nm in size with zeta
potentials between 25 and 69 mV (see Figure S5 in the
Supporting Information). Despite having alkyl ammoniums
no antimicrobial activity was observed for PDLA-CPC-
PDLA at concentrations below 10000 mgL�1 (see Table S2
in the Supporting Information). The cationic triblock poly-
mers were further tested for toxicity against two model
mammalian cell types: rat red blood cells and human dermal
fibroblasts (HDF). It was found that PC2 was the least toxic
among the three copolymers, and no hemolysis was observed
for PC2 until about 25 000 mg L�1 (Figure S6), while main-
taining HDF cell viability above 80 % (Figure S7).

PDLA-CPC-PDLA (PC2) was then incorporated into
PLLA-PEG-PLLA (0.85k-6k-0.85k) and PDLA-PEG-PDLA
(1k-6k-1k) gel at different contents by stereocomplexation at
37 8C with a total polymer concentration of 13.2 % w/v to
impart antimicrobial function. Three different gel composi-
tions were studied: Gel 1 (PLLA-PEG-PLLA, PDLA-CPC-
PDLA and PDLA-PEG-PDLA at 1:0.15:0.85), Gel 2 (PLLA-
PEG-PLLA, PDLA-CPC-PDLA, and PDLA-PEG-PDLA at
1:0.3:0.7), and Gel 3 (PLLA-PEG-PLLA and PDLA-CPC-
PDLA at 1:1). The molar ratio of PLLA to PDLA was kept at
1:1 to induce optimal stereocomplexation. Using optical,
transmission, and scanning electron microscopies major
morphological changes were observed in the gels formed
with stoichiometric equivalents of PDLA-CPC-PDLA/
PLLA-PEG-PLLA combined (Gel 3), relative to the control
gel prepared from PLLA-PEG-PLA/PDLA-PEG-PDLA
where fibers could be clearly seen (Figure 2a; and see
Figures S8 and S9 in the Supporting Information). Nonethe-
less, similar to the control gels, a morphological transforma-
tion from micelles to fibers was observed when Gel 1 and
Gel 2 both having lower amounts of PC2 were formed(see
Table S1 in the Supporting Information). Additionally,
numerous fibers with similar lengths were seen (Figures S2,
S3, and S8). Gel moduli decreased with increasing amounts of
PC2 (Figure 1 f). This was reasoned to be a result of fiber-like
assemblies formed through partial crystallization within the
lactide domains.[12] This in turn reinforced the gels manifest-
ing in higher moduli. Furthermore, regardless of PC2 content,
moduli was found to increase with longer annealing times,
hence supporting the idea of crystalline microdomains (Fig-
ure S10). This supposition was also supported by wide-angle
X-ray diffraction patterns producing strong signals attributed
to the stereocomplex crystallization (Figure 2 b). Nonetheless,
moduli were relatively low for all three cationic gels (Gel 1, 2,

and 3) which is indicative of a noncovalent gel-forming
process. As such, the gels were readily remoldable and
showed significant drops in viscosity with an increasing shear
rate (Figure 1 j), thereby providing shear-thinning abilities.
This important attribute significantly facilitates deposition
through a syringe, thus increasing clinical applicability
(Figures 1 g–i).

Gel antimicrobial activities were evaluated against vari-
ous pathogenic microbes—S. aureus (Gram-positive), E. coli
(Gram-negative), and C. albicans (fungus). At concentrations
below 25000 mgL�1, PC2 formed antimicrobial gels without
inducing significant hemolysis or cytotoxicity (see Figures S6
and S7 in the Supporting Information). At these concentra-
tions PC2 alone showed no activity (see Table S1 in the
Supporting Information). Similarly, the control gel formed
from PLLA-PEG-PLLA and PDLA-PEG-PDLA showed no
antimicrobial activity (Figure 3). In sharp contrast, the stereo-
complex gels made from PLLA-PEG-PLLA, PC2, and
PDLA-PEG-PDLA at 1:0.15:0.85 molar ratio (Gel 1, PC2 =

10000 mgL�1) completely suppressed bacterial growth (Fig-
ure 3a–c) and killed the bacteria (i.e. S. aureus and E. coli)
with about 100% efficiency (Figure S11). A gel with an
increased amount of PC2 (Gel 2, 20000 mgL�1) was needed
to inhibit C. albicans growth and completely eliminate the
fungus (Figure S11).

To demonstrate clinical potential the antimicrobial gels
were tested against clinically isolated microbes—methicillin-
resistant S. aureus (MRSA, gram-positive), vancomycin-
resistant enterococci (VRE, gram-positive), P. aeruginosa

Figure 2. Formation of stereocomplex hydrogels. SEM images (a) and
wide-angle X-ray diffraction patterns (b) of Control Gel, Gel 1, Gel 2,
and Gel 3. The gels were formed at 13.2% w/v.
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(gram-negative), A. baumannii (gram-negative,
resistant to most antibiotics), K. pneumoniae
(gram-negative, resistant to carbapenem), and C.
neoformans. The gels were found to completely
inhibit growth and showed a nearly perfect
killing efficiency on all microbial cells tested
(Figure 3d).

The mechanism of antimicrobial action was
determined to be cell wall/membrane lysis. This
conclusion was supported by morphological
changes of S. aureus, E. coli, and C. albicans
after incubation with the antimicrobial gels for
two hours. Shown in Figure 4, untreated micro-
bial cells and cells treated with the control gel
remained smooth and in their respective round
(S. aureus and C. albicans) or rodlike (E. coli)
shape. In sharp contrast, cellular deformation
and surface roughness were clearly seen after
exposure to an antimicrobial gel. Additionally,
lysed cells and debris were also observed in
treated microbe samples. In the case of E. coli,
numerous vesicle-like structures were formed,
presumably from gel–cell membrane integration
(white arrows in Figure 4 b). Further supporting
a catastrophic membrane failure mechanism was
the observation of released cytoplasts from C.
albicans upon gel exposure (Figure 4c).

The ability of the gels to disperse biofilms was
tested against S. aureus, MRSA, E. coli, and C.
albicans. After gel exposure, more than 60 % of
film biomass had been removed, and nearly 80%
of bacterial cells killed with only a single treat-

Figure 3. Antimicrobial activities of cationic hydrogels against various microbes. Growth inhibition of S. aureus (gram-positive; a), E. coli (gram-
negative; b), and C. albicans (fungi; c). Shown is the % killing efficiency of various clinically isolated multidrug-resistant microbes by using Gel 1
(d).

Figure 4. SEM images of S. aureus (a), E. coli (b), C. albicans (c), and MRSA biofilm
(d) before (Control) and after incubation with Control Gel, Gel 1 (S. aureus, E. coli
and MRSA), and Gel 2 (C. albicans) for 2 h (biofilm: 24 h). Scale bar for a, b:
500 nm; c: 1 mm; d: 5 mm. Scale bar for Control and Control Gel samples (insert):
1 mm; Gel 1 sample (insert): 500 nm.
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ment (see Figure S12 in the Supporting Information). Biofilm
dispersion was further evaluated by the SEM before and after
treatment (Figure 4d; and see Figures S13 and S14). To the
best of our knowledge this type of biofilm disruption has not
been reported in other antimicrobial hydrogels/synthetic
polymers.

The safety of antimicrobial hydrogels was evaluated for
skin sensitization, acute dermal toxicity, and skin irritation.
These studies were performed using rats, guinea pigs, and
rabbits at good lab practice (GLP) facilities and according to
international regulatory guidelines (see the Supporting Infor-
mation). No adverse effects (skin sensitization, dermal
toxicity, or irritation) were observed. Additionally, the hydro-
gel LD50 value was greater than 2000 mg kg�1, thereby
demonstrating clinical feasibility in topical applications.

In conclusion, the use of lactide stereocomplexation
provided a thermally sensitive means for producing supra-
molecular antimicrobial hydrogels. Because of the nature of
their noncovalent associations, these materials were shown to
exhibit shear-thinning properties. Moreover, the hydrogels
induced no significant hemolysis or cytotoxicity towards
mammalian cells, and demonstrated excellent skin biocom-
patibility. The combination of broad-spectrum antimicrobial
activity (encompassing multidrug-resistant Gram-positive/
negative bacteria, fungi, and biofilm) with moldable/process-
able capabilities makes these nontoxic materials ideal for
injectable, topical, and coating applications.
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