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I
t is estimated that out of the expected
2 billion people carrying Staphylococ-
cus aureus (S. aureus) worldwide, up to

53 million individuals are infected with
methicillin-resistant S. aureus (MRSA).1

Specifically, S. aureus-related diseases such
as septicemia and pneumonia are respon-
sible for a large number of hospitalizations
(ca. 480 000 in 2005) and deaths (nearly
11 000 in 2005) in the U.S. alone.2 Staphylo-
coccal infection caused by S. aureus and Sta-
phylococcus epidermidis (S. epidermidis) is
also a major concern in patients with ind-
welling devices such as catheters, heart
valves, and prostheses.3 While medical and
surgical equipment, hospital rooms, and
various other objects in hospital settings
provide an easily accessible platform for
pathogenic bacteria to settle and prolifer-
ate, any surface once touched by an in-
fected person serves as a breeding ground
for such pathogens.

Considering the magnitude of
pathogen-related complications and the as-
sistance of various surfaces in growth and
spread of these pathogens, significant at-
tention has been given to the design and
synthesis of effective antimicrobial agents
and coatings.4�7 For example, various mi-
crobicidal coating formulations have been
developed that are active as a result of ei-
ther releasing biocides, such as silver, or
functionalizing surfaces with amphipathic
polycations and antimicrobial peptides that
are bactericidal via rupturing the bacterial
membrane on contact.4�6,8,9 Specifically,
Bagheri et al. have shown that surface-
immobilized cationic amphipathic antimi-
crobial peptides cause such bactericidal ef-
fect through membrane-permeabilizing
mode of action.8 Although silver-based ma-

terials are strongly bactericidal, the activity
diminishes over time because the coatings
continuously release the biocidal agent.10

Moreover, concern has been raised recently
about the potential health effects of
nanosilver and its release in the
environment.11,12 In the case of polyca-
tionic polymer-based coatings, the surface
may require treatment with cationic surfac-
tant to recover antimicrobial activity.13,14 Fi-
nally, low molecular weight bactericidal
agents are often associated with resistance
and gradually lose their effectiveness over
time. Designing antimicrobial films that are
capable of retaining prolonged activity is
thus important in solving problems associ-
ated with the spread of pathogenic
microbes.

Viruses and microorganisms have devel-
oped unique survival mechanisms that ex-
ploit biocatalytic mechanisms to gain a
competitive advantage in their natural
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ABSTRACT Infection with antibiotic-resistant pathogens such as methicillin-resistant Staphylococcus aureus

(MRSA) is one of the primary causes of hospitalizations and deaths. To address this issue, we have designed

antimicrobial coatings incorporating carbon nanotube�enzyme conjugates that are highly effective against

antibiotic-resistant pathogens. Specifically, we incorporated conjugates of carbon nanotubes with lysostaphin, a

cell wall degrading enzyme, into films to impart bactericidal properties against Staphylococcus aureus and

Staphylococcus epidermidis. We fabricated and characterized nanocomposites containing different conjugate

formulations and enzyme loadings. These enzyme-based composites were highly efficient in killing MRSA (>99%

within 2 h) without release of the enzyme into solution. Additionally, these films were reusable and stable under

dry storage conditions for a month. Such enzyme-based film formulations may be used to prevent growth of

pathogenic and antibiotic-resistant microorganisms on various common surfaces in hospital settings. Polymer

and paint films containing such antimicrobial conjugates, in particular, could be advantageous to prevent risk of

staphylococcal-specific infection and biofouling.

KEYWORDS: carbon nanotube · lysostaphin · nanocomposite · antimicrobial
film · methicillin-resistant Staphylococcus aureus (MRSA)

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 7 ▪ 3993–4000 ▪ 2010 3993



niche. For example, bacteriophages code for cell lytic

enzymes required to exit the host bacterium and infect

neighboring microbial hosts.15,16 Various bacterioph-

ages from S. aureus, Streptococcus pneumoniae, Bacillus

anthracis, and Listeria monocytogenes employ amidases,

muramidases, and endopeptidases to attack the host

cell wall.17�21 In the microbial kingdom, S. simulans bio-

var staphylolyticus and S. capitis EPK1 secrete glycyl-

glycine endopeptidases, lysostaphin (Lst) and ALE-1, re-

spectively, to kill competing staphylococci such as S.

aureus and S. epidermidis.22,23 Interestingly, most of

these cell lytic enzymes feature a two-domain struc-

ture, which is characterized by bacteria-specific cell wall

targeting and catalytic domains. In the case of Lst, the

C-terminal 92-amino acids bind to a specific molecular

target on staphylococcal cell walls, while the N-terminal

portion containing the active site is responsible for

cleaving the pentaglycine cross-bridges present be-

tween the sugar components of the peptidoglycan

layer (Figure S1 in the Supporting Information).24,25

In general, these cell lytic enzymes serve as poten-

tial alternatives to antibiotics in combating resistant

pathogens. Specifically, Lst was found to be highly ef-

fective in treating S. aureus-related neonatal infection

and endophthalmitis when tested in animal models.26,27

Lst has also been shown to disrupt S. aureus and S. epi-

dermidis biofilms formed on artificial bioimplant sur-

faces.28 While these studies demonstrate the efficacy

of Lst in conventional post-infection treatment, an ap-

proach that prohibits proliferation and transmission of

staphylococci would be ideal in preventing the broad
infectivity associated with these microorganisms.

In the present work, we exploit this approach by pre-
paring enzyme-nanotube conjugates and their com-
posite films to generate active and stable bactericidal
paint films. The molecular-level curvature of carbon
nanotubes stabilizes a wide range of enzymes,29 while
the high surface area-to-volume ratio enables high
catalytic loading without diffusional limitations.30,31 In
addition, the high aspect ratio of the carbon nanotubes
leads to efficient entanglement within the solid matrix,
thereby allowing enzymes to be retained.32 As a result,
we report here the ability of Lst-containing nanocom-
posite films (Scheme 1a) to achieve �99.9% killing of
MRSA upon contact within 2 h. These results suggest
that such paint composite films with embedded antimi-
crobial Lst-nanotube conjugates may be effective in
preventing the risk of staphylococci-specific infection
and biofouling of common surfaces.

RESULTS AND DISCUSSION
Lst�Nanotube Conjugates. We first endeavored to un-

derstand the effect of conjugation of Lst to multiwalled
carbon nanotubes (MWNTs) on the enzyme activity.
We therefore examined the steady-state kinetics of Lst
in free as well as nanotube-bound form using the colo-
rimetric assay based on N-acetylhexaglycine hydrolysis.
Both free and nanotube-bound Lst followed
Michaelis�Menten kinetics (Figure 1a), and Lst bound
to MWNTs retained approximately one-quarter of its in-
trinsic catalytic activity, as reflected in the Vmax value

Scheme 1. Antimicrobial Nanocomposite Films Containing Lst�Nanotube Conjugates (not drawn to scale). (a) Preparation
of Lst�nanotube conjugates via two (no PEG linker) and four (with PEG linker) step EDC-NHS coupling reactions. Nanocom-
posite films were prepared by filtering a mixture of diluted paint and conjugates onto a polycarbonate membrane. (b) Cell-
based assay to determine bactericidal activity of Lst-containing nanocomposite films.
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(Table 1). Similar values of KM for the bound and free

Lst suggested that the apparent binding of Lst toward

the hexaglycine substrate was unaffected by immobili-

zation. The relatively high retention of Lst-MWNT conju-

gate activity on a small molecule substrate is consis-

tent with other reports for enzyme-MWNT conjugates.31

We also tested free Lst and Lst-MWNT conjugates

against S. aureus. While free Lst (0.5 �g) killed �99% of

a 106 colony forming units (CFU)/mL suspension of S.

aureus in 1 min, the same amount of Lst on the MWNT

conjugate killed only �35% cells in 1 min, and required

nearly 30 min to achieve similar cell-killing activity as

that for the free enzyme (Figure 1b).

The peptidoglycan layer of S. aureus consists of

N-acetylglucosamine- and N-acetylmuramic acid-

containing polysaccharides that are interconnected

through tetrapeptide (both L- and D-amino acids) and

pentaglycine bridges (Figure S1, Supporting

Information).33,34 Lst, through its glycylglycine endopep-

tidase activity, can cleave these pentaglycine bridges,
thereby causing weakness in the peptidoglycan layer
and resulting in cell wall rupture. Lst takes advantage of
its binding domain, presumably to position its catalytic
domain properly for its endopeptidase activity. When

the enzyme is attached to MWNTs, the nanotube (15
� 5 nm in diameter) may be able to gain proximity to
the peptidoglycan layer; however, the enzyme may lack
sufficient flexibility on the nanotube surface to act effi-
ciently. Nevertheless, it was encouraging that some ac-
tivity was observed, which suggested that bactericidal
activity could be improved by providing a flexible
spacer between Lst and the MWNT surface. Indeed, we
have shown previously that a short poly(ethylene gly-
col) (dPEG12 or PEG) linker was capable of increasing the
activity of perhydrolase, an octameric protein with a
molecular weight of 184 kDa, when covalently attached
to MWNTs.35 In the case of surface-tethered antimicro-
bial peptides, Glinel et al. and Bagheri et al. have shown
that the attachment of antimicrobial peptides onto a
surface using a relatively long, water-soluble, and flex-
ible oligo(ethylene glycol) linker facilitates the interac-
tion of the antimicrobial peptide with the bacterial cell
membrane, resulting in membrane permeabilization
and hence a bactericidal effect.8,9

Along these lines, we performed covalent attach-
ment of Lst to MWNTs through a dPEG12 linker (Scheme
1a). The resulting Lst�PEG�MWNT had only margin-
ally improved observed activity against the soluble syn-
thetic substrate (Vmax � 33% of that of native Lst, Table
1). However, the PEG linker showed a 2-fold increase in
the bactericidal activity during short exposure times
(�1 min) compared to Lst�MWNT, and killed �99% of
S. aureus cells (106 CFU/mL suspension) in approxi-
mately 10 min (Figure 1b).

Finally, to demonstrate the broad activity of Lst-
based conjugates against the staphylococci family, simi-
lar cell-based assays were performed with microbial
suspensions containing 106 CFU/mL of S. epidermidis.
As shown in Figure S2 (Supporting Information), the en-
zyme was highly active against S. epidermidis, albeit
less active than on S. aureus, consistent with the known
activity of Lst.36 As with Lst on S. aureus, the PEG linker
improved activity of the nanotube-bound enzyme
against S. epidermidis too. The enzyme was not effec-
tive against nonstaphylococcal cells, including Escheri-
chia coli (E. coli) and Bacillus cereus (B. cereus), which is
again consistent with the known activity of Lst. Impor-
tantly, the lack of activity against E. coli and B. cereus in-
dicates that the enzyme-MWNT conjugates do not pos-
sess indiscriminate cytotoxicity. The aggregate of the
aforementioned results, therefore, indicates that
Lst�nanotube conjugates show effective and selective
bactericidal activity toward staphylococci.

Lst-containing Antimicrobial Nanocomposite Films. The abil-
ity of Lst�PEG�MWNT conjugates to retain sufficient
bactericidal activity against S. aureus enabled us to ex-
plore the incorporation of the conjugates into paint.
Briefly, latex paint film composites containing varying
amounts of conjugates were tested for bactericidal ac-
tivity against S. aureus by incubating the films in a 106

CFU/mL microbial suspension for 6 h (Scheme 1b).

Figure 1. Kinetics of Lst activity against N-acetylhexaglycine
and microbes (S. aureus). (a) Michaelis�Menten kinetics of
Lst activity based on the colorimetric assay. Rates in nM s�1

for native Lst (}), Lst-MWNT (9) and Lst-PEG-MWNT (Œ) are
plotted as a function of substrate concentrations. (b) Com-
parison of bactericidal effect of Lst-MWNT (9) and Lst-PEG-
MWNT (Œ) with the native enzyme (}), determined by using
a cell-based assay.

TABLE 1. Kinetic Parameters for Native Lst, Lst-MWNT, and
Lst-PEG-MWNT based on Colorimetric Assay

Vmax (�M/mg · s) KM (mM) Vmax/KM � 103 (mg�1 s�1)

Native Lst 105 4.37 24.1
Lst�MWNT 25.6 6.00 4.27
Lst�PEG�MWNT 33.9 5.05 6.71
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Paints containing Lst loadings of �2% (w/w) were
found to be highly effective against S. aureus, resulting
in essentially complete cell killing, as determined by
viable cell counts (Figure 2) and fluorescence images
of the cells exposed to paints containing Lst-nanotube
conjugates (Figure 2 insets). Next, we confirmed that
the release of enzyme from the MWNTs or release of the
conjugates from the paint did not contribute signifi-
cantly to the observed bactericidal activity. Specifically,
we incubated the paints with aqueous buffer for 6 h, re-
moved the paint films, and then tested the activity of
the wash solution by adding S. aureus cells (final cell
density of 106 CFU/ml). The activity of this solution was
less than 5% of that of the nanocomposite films at all
loadings studied (Figure 2), indicating that leaching of
Lst or Lst-nanotube conjugates from the paint films was
insignificant.

We also assessed the antimicrobial activity of films
washed six times with aqueous buffer as well as the ac-
tivity of the wash solution collected after the sixth wash,
against S. aureus cells (final cell density of 106 CFU/mL).
As shown in Figure S3 (Supporting Information), no bac-
tericidal activity was observed in the wash solution af-
ter the sixth wash, suggesting that there was no loss of
Lst or Lst�nanotube conjugates from the paint films.
Moreover, the bactericidal activity of the films after six
washes was similar to the activity of the films that were
washed once (Figure S3, Supporting Information). Fur-
thermore, the observed bactericidal activity was solely
due to the presence of Lst�nanotube conjugates incor-
porated into the paint. In the absence of active Lst,
that is, with paint containing either carboxyl-
functionalized MWNTs, or bovine serum albumin
(BSA)�MWNT conjugates (where BSA is a nonbacteri-
cidal protein), or heat-inactivated Lst conjugates, no
bactericidal activity was observed. Finally, paint films
containing native Lst without nanotubes lost �52% of
the enzyme during just the first wash, indicating that
without the nanotube template, the enzyme rapidly

leaches from the paint film. Altogether, these results
suggest that use of MWNTs as an Lst support, and incor-
poration of these conjugates into a paint matrix results
in a highly stable, surface-active, and nonleachable an-
tistaphylococcal coating.

The observed activity of the Lst-containing paints
and the minimal leaching of free Lst or Lst�PEG�MWNT
conjugates into the cell suspension suggest that the ob-
served bactericidal activity is due to contact-mediated
events. We speculate that single or multiple contact of
an S. aureus cell with Lst-containing paints leads to hydrol-
ysis of a sufficient number of pentaglycine bridges within
the surface peptidoglycan layer. As a result, weak spots
are created in the cell wall that can no longer withstand
the internal osmotic pressure, leading to weakening of
the structure and hence cell lysis or rupture.37,38 Accessi-
bility of the Lst to S. aureus is facilitated by the PEG linker
between the enzyme and MWNT, and perhaps further fa-
cilitated by the presence of MWNTs that are likely to pro-
trude from the paint surface, thereby enhancing the ac-
cessibility of the active surface with the cells and access of
the Lst to the peptidoglycan layer.

To further understand how surface-embedded
Lst�PEG�MWNT conjugates can access and kill S. au-
reus cells, we used scanning electron microscopy (SEM)
to estimate surface loading of the conjugates in the
paint. As depicted in Figure S4 (Supporting Informa-
tion), the conjugates and paint components form a
homogeneous mixture, which in turn suggests uni-
form distribution of enzyme on the film surface. The sur-
face coverage was assessed using ImageJ software. Sur-
face coverage of conjugates ranged from 0 to 60% for
films with Lst weight fractions varying from 0 to 4% (w/
w), respectively (Figure S4f, Supporting Information). Es-
sentially, an increase in surface concentration of conju-
gates and hence an increase in the surface
concentration of enzyme molecules would lead to a
higher number of Lst-mediated cell wall hydrolysis
events. As a result we expected an enhancement in
the bactericidal activity with an increase in Lst loading,
which was confirmed by the experimental results.

Effectiveness against MRSA. Having established that Lst-
based nanocomposite paints are highly effective
against a nonpathogenic strain of S. aureus, the paints
were then tested against four methicillin-resistant
pathogenic strains. These strains differ from each other
primarily in the type of gene complex known as staphy-
lococcal cassette chromosome mec (SCCmec), which is
responsible for the resistance to multiple antimicrobial
agents, as well as in the presence or absence of genes
corresponding to various toxins.39 Critically, these
strains are responsible for S. aureus-related infectious
diseases in community and hospital settings. Lst-based
nanocomposite paints were highly effective against
various strains of MRSA (Figure 3), which suggests the
potential application of these films in community and
hospital settings as an alternative to biocides. Interest-

Figure 2. Effect of Lst loading on the bactericidal activity
shown by composite films containing Lst-PEG-MWNT conju-
gates (▫). Controls for these experiments consisted of paints
with heat-inactivated conjugates (9), paints with MWNT ({)
and BSA-MWNT (�). Data from leaching tests (Œ) suggest
minimal bactericidal effect due to release of the enzyme or
conjugates from films. Inset pictures show fluorescence im-
ages of S. aureus cells exposed to films containing 0% w/w
and 4% w/w Lst, confirming the bactericidal effect of Lst. The
scale bar corresponds to 10 �m.
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ingly, while MRSA has evolved to be resistant to numer-
ous antibiotics, they remain highly sensitive to Lst, per-
haps due to the fact that antibiotic-resistance is
associated with the presence of pentaglycine bridges
in the peptidoglycan layer.40 The pentaglycine interpep-
tides are known to provide strength and stability to
the staphylococcal cell wall, and also act as sites for an-
choring various surface proteins responsible for patho-
genicity and adhesion. While the possibility of Lst-
resistance through mutations in interpeptide linkages
cannot be neglected, various studies have revealed that
such mutants have diminished fitness and are suscep-
tible to methicillin.40,41

Operational and Storage Stability. A major challenge of
biocatalytic materials is to make them stable and reus-
able. To assess these outcomes, we determined the bac-
tericidal activity of the nanocomposite paints (contain-
ing 4% w/w Lst in the form of Lst�PEG�MWNT) on
multiple assays of the same set of paints over a period
of 30 days, with paints being stored dry at room tem-
perature in between two use cycles. The paints retained
a high fraction of the initial bactericidal activity; after
seven sequential 6-h assays, the residual activity was ca.
50%, representing ca. 5 � 105 S. aureus cells killed in
6 h during the seventh use (circles, Figure 4). Moreover,
tests of storage stability revealed that films which were
stored dry at room temperature showed �99% bacteri-

cidal activity against S. aureus after 30 days (squares,

Figure 4). In fact, extended storage stability for six

months was achieved where �99% bactericidal activ-

ity was observed. These results demonstrate that the

films are highly stable and reusable at room

temperature.

CONCLUSIONS
In conclusion, we have designed highly effective an-

tistaphylococcal nanocomposite paints based on nano-

tube conjugates of a cell wall degrading enzyme, Lst.

These paints were capable of killing staphylococci, in-

cluding methicillin-resistant strains of S. aureus, on con-

tact and without release of antimicrobial agents. Conju-

gate formulations containing a PEG-based linker

between the nanotube and enzyme resulted in en-

hanced bactericidal activity. Enzyme-containing nano-

composite paints represent a facile route to the genera-

tion of highly efficient bactericidal surfaces. This

approach may be extended to other antimicrobial

mechanisms involving proteases, muramidases, and

other cell lytic enzymes, the specificity and bacteriolytic

efficiency of which can be improved by protein engi-

neering and domain swapping. As a result, highly ac-

tive, stable, and environmentally benign surface treat-

ments can be envisioned with broad activity against

pathogenic bacteria.

MATERIALS AND METHODS
Functionalization of Carbon Nanotubes. Acid-treated multiwalled

carbon nanotubes (MWNTs, NanoLab, Inc., Newton, MA) were
used in preparing enzyme-nanotube conjugates.31 Specifically,
MWNTs (50 mg) were first suspended in 200 mL of acid mixture
containing concentrated H2SO4 and HNO3 in a volumetric ratio of
3:1. The nanotube-acid mixture was sonicated for 6 h in an ice
bath. This mixture was then diluted with 800 mL deionized (DI)
water and filtered through 0.2 �m polycarbonate membrane fil-
ter (Millipore, Billerica, MA). The nanotubes were subsequently
washed three times with 1000 mL DI water to obtain an acid-free
nanotube suspension. Finally, a dry powder of oxidized MWNTs
was obtained by filtering the nanotube suspension through 0.2
�m filter paper followed by drying under vacuum overnight.

Enzyme Immobilization. Lst (AMBI Products LLC, NY) was co-
valently attached to MWNTs by following a four-step coupling re-
action protocol (Scheme 1a).35 First, 2 mg oxidized MWNTs were

dispersed in 2 mL 2-(N-morpholino)ethanesulfonic acid sodium
(MES) buffer solution (50 mM, pH 4.7, Sigma, St. Louis, MO) by 30
min sonication. To this dispersion, a dry powder of
N-hydroxysuccinimide (NHS, Pierce, Rockford, IL) was added to ob-
tain 80 mM NHS. In the final step of activation, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (160 mM) (EDC,
Acros Organics, Morris Plains, NJ) was added and the mixture was
stirred for 30 min. The activated MWNTs were then filtered, washed
with MES, and used immediately for the attachment of poly(ethyl-
ene glycol) (PEG). To that end, 10 mg of amino-dPEG12-COOH
(Quanta Biodesign, Powell, OH) dissolved in 2 mL DI water was
added to the activated MWNTs. The mixture was shaken at room
temperature (RT) for 3 h and at 200 rpm. Subsequently, the PEG-
based conjugates were filtered and washed extensively with DI wa-
ter to remove unbound PEG. The COOH-PEG moieties attached to
MWNTs were then activated using the EDC-NHS chemistry as pre-
viously described (Scheme 1a). Finally, enzyme attachment was

Figure 3. Percent viable cells obtained after exposing the
microbial suspension containing 106 CFU/mL MRSA to con-
trol and Lst-containing films (4% w/w Lst in the form of
Lst�PEG�MWNT) for 2 h. The results are normalized with re-
spect to the colony counts obtained for control samples.

Figure 4. Operational (●) and storage stability (9) of films
containing 4% w/w Lst in the form of Lst�PEG�MWNT. The
films were stored in dry conditions and at room tempera-
ture in between the two use cycles.
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performed by dispersing 2 mg of activated PEG-MWNTs in 2 mL
of 2 mg/mL Lst solution prepared in DI water, followed by 3 h incu-
bation at 4 °C and 200 rpm. The resulting Lst�PEG�MWNT conju-
gates were filtered and washed extensively to remove free en-
zyme. The conjugates were then washed with 1% triton to remove
loosely bound enzyme molecules.

Lst�MWNT conjugates were prepared by direct covalent at-
tachment of the enzyme to MWNTs by following the aforemen-
tioned EDC�NHS coupling process, but in the absence of PEG.
Similarly, nanotube conjugates of bovine serum albumin (BSA)
(Fisher Scientific, NH) were prepared by following the direct at-
tachment protocol. Protein loading values were determined by
elemental analysis (Galbraith Laboratories Inc., Knoxville, TN),
yielding 0.41, 0.30, and 0.25 mg protein/mg of MWNT for
Lst�MWNT, Lst�PEG�MWNT, and BSA�MWNT, respectively.

Determination of Kinetic Parameters. The activity of Lst conju-
gates was determined by using a colorimetric assay with
N-acetylhexaglycine as the substrate.42 HPLC purified
N-acetylhexaglycine was purchased from Genemed Synthesis,
Inc. (San Antonio, TX). A stock solution of 100 mM
N-acetylhexaglycine was prepared by suspending the substrate
in DI water and by adding NaOH (Fisher Scientific) until the solid
dissolves. For determination of kinetic parameters, substrate so-
lutions of 1.25, 2.5, 5, 10, 20, and 30 mM N-acetylhexaglycine
concentration were prepared by diluting the stock solution in as-
say buffer containing 5 mM trisodium citrate, 1 mM disodium
EDTA, and 100 mM sodium borate (all salts were from Sigma) and
adjusting to pH 8.0 by dropwise addition of NaOH.

Lst solutions containing 10 �g/mL free or conjugated Lst
were prepared by diluting the stock solutions in 0.5% (v/v)
Tween 20 (Sigma). Enzyme assay solutions were prepared in du-
plicate, in a flat-bottom 96-well plate (NUNC brand, Thermo
Fisher Scientific, NH), with each well containing 50 �L of en-
zyme solution of each type (free and conjugated) and 50 �L of
substrate solution. The plate was covered to prevent evaporation
of solution and was incubated at 37 °C for 60 min. The release
of primary amine as a result of hydrolysis of N-acetylhexaglycine
by Lst was detected by initiating color development on addi-
tion of 10 �L of 5 mg/mL 2, 4, 6-trinitrobenzene-sulfonic acid-3-
hydrate (TNBS) (Sigma) prepared in 100 mM sodium bicarbonate
(Sigma) solution; the liberated primary amine reacts with TNBS
to give a chromophore that can be detected by measuring ab-
sorbance at 405 nm. The reaction between the amine and TNBS
was allowed to proceed for 20 min, and was subsequently
quenched by addition of 50 �L of 1 M sodium acetate (pH 4.5)
to each well. The absorbance was measured at 405 nm after 10
min of incubation. To compare the reaction kinetics of Lst-
nanotube conjugates prepared with and without the PEG linker
against free Lst, enzyme solutions were incubated with substrate
solutions of different concentrations for time periods up to 6 h.
Reaction rates were calculated using an experimentally deter-
mined molar extinction coefficient of 1.55 AU405 �mol�1 cm2 for
the chromophore (TNBS derivative of glycine).

Enzyme-Containing Nanocomposite Films. Lst-nanotube based
composite films were prepared with a diluted paint solution
prepared by mixing 0.1 mL latex enamel (gloss white, Yenkin-
Majestic Paint Corporation, Columbus, OH) in 9.9 mL DI wa-
ter. Thin Lst-nanotube based composite films containing dif-
ferent Lst weight fractions (0, 1, 2, 3, and 4%, w/w) were
prepared by filtering a mixture of conjugates and diluted la-
tex paint through 0.2 �m polycarbonate membrane filter.
The membrane-supported films were dried overnight under
vacuum, and then adhered onto cover slides (Corning Inc.,
NY) using double-sided adhesive tape for the ease of han-
dling. A set of control samples were prepared, which in-
cluded films containing neither MWNTs nor conjugates, films
containing MWNTs and BSA-MWNTs (in which the amount
of MWNTs was equal to that present in the samples contain-
ing 4% w/w Lst), and films containing heat-inactivated Lst-
PEG-MWNT conjugates. The films were washed with phos-
phate buffered saline (PBS, 10 mM, pH 7.5, Dulbecco’s
Phosphate Buffered Saline, Sigma) solution to remove loosely
entrapped conjugates before testing them against the micro-
bial suspension. The films were then vacuum-dried and
stored at room temperature. Another set of films was pre-

pared, which contained native Lst without nanotubes (in
which the amount of Lst was equal to that present in 4%
(w/w) Lst nanocomposite films). To determine the amount
of Lst released from these films, the films were washed with
PBS solution and the amount of Lst in the wash solution was
measured using the micro bicinchoninic acid (Micro BCA) as-
say (Pierce Biotechnology, Rockford, IL).

Characterization of Nanocomposite Films by Scanning Electron
Microscopy (SEM). To study surface topography and conjugate sur-
face coverage, films were characterized via SEM using a JEOL-
JSM 840 Scanning Electron Microscope with the field emission
gun operated at 10.0 kV. Films containing Lst-PEG-MWNT conju-
gates were dried overnight under vacuum. These dried samples
were mounted on an SEM sample holder using double-sided car-
bon tape and imaged. A semiquantitative analysis for determin-
ing conjugate surface coverage was performed by processing
SEM images with NIH ImageJ software (http://rsb.info.nih.gov/
ij).

Microorganisms and Growth Conditions. Microbial cultures (Bacillus
cereus (B. cereus) � 14 737, Escherichia coli (E. coli) � 53 323, S. au-
reus � 33 807, S. epidermidis � 14990, ATCC, Manassas, VA) were
grown at 37 °C for 16 h at 200 rpm in nutrient broth (3 g/L beef
extract, 5 g/L peptone) (Difco, Detroit, MI) prepared in DI water. A
100 �L sample from this culture was then added to 4 mL of
fresh nutrient broth which was allowed to grow for 6 h under
the same conditions. From this growing culture, 1 mL was cen-
trifuged at 10,000 rpm for 5 min at RT to obtain a pellet which
was then washed twice with PBS solution to remove excess me-
dium. Bacteria were then reconstituted in PBS. To obtain an ap-
proximate measure of cell density in terms of colony forming
units (CFU)/mL, the optical density (OD) of the microbial suspen-
sion was measured at 540 nm (ca. 109 CFU/mL/A.U.43). The bac-
tericidal efficiency of composite films was determined by using a
diluted suspension containing ca. 106 CFU/mL.

Determination of Bactericidal Efficiency. Antimicrobial activity of
native and nanotube-interfaced Lst in free solution was deter-
mined by testing 0.5 �g of Lst against 1 mL of a microbial sus-
pension containing 106 CFU/mL. Colony counts, and hence num-
ber of live cells, were determined by removing aliquots from
the microbial suspension at regular intervals and spreading them
on nutrient agar. To evaluate whether the Lst-based film can
kill S. aureus on direct contact, a film was exposed to 5 mL micro-
bial suspension of 106 CFU/mL in a Petri dish, which was shaken
on an orbital shaker at 60 rpm and RT for 6 h. Aliquots from the
microbial suspension were removed to determine bactericidal
efficiency. To assess whether the bactericidal effect is a result of
leaching of conjugates, a film was immersed in 5 mL PBS and was
shaken at 60 rpm and room temperature for 6 h. The film was
then removed, air-dried for 2 min, and stored at room tempera-
ture for further use. Microbes were then added to the wash solu-
tion so as to attain final concentration of 106 CFU/mL. The result-
ing microbial suspension was then shaken on an orbital shaker
at 60 rpm for 6 h.

Aliquots from the microbial suspension exposed to a film or
from the suspension used in a control leaching test were re-
moved, diluted in PBS, spread onto nutrient agar, and incubated
at 37 °C for 18 h. To determine the bactericidal efficiency, bacte-
rial colonies grown on the agar plate were counted. Bactericidal
efficiency of Lst-containing film was determined by comparing
corresponding colony counts with those obtained for the con-
trol films (prepared without addition of conjugates). After 6 h in-
cubation in microbial suspension, the films were removed and
washed with PBS to remove any nonspecifically bound microbes.
Films were then air-dried for 2 min and stored at RT in a vacuum
desiccator until further use.

Antimicrobial Tests against MRSA. The effectiveness of the Lst-
containing composite films against pathogenic strains of S. au-
reus was tested with four methicillin-resistant S. aureus strains;
BAA 1556 (USA 300), BAA 1692 (USA 100), BAA 1695, and BAA
1696 (USA 400) (ATCC, Manassas, VA). The same procedures as
used for nonpathogenic S. aureus strains were followed to study
the bactericidal activity of the Lst on these strains.

Fluorescence Imaging of Microbes via Confocal Microscopy. Following
the 6 h incubation of the control and Lst-based nanocomposite
films in 5 mL microbial suspension of 1 � 106 CFU/mL, 1 mL from
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each suspension was removed in a microcentrifuge tube. Com-
mercially available two component LIVE/DEAD BacLight bacterial
viability kit (Molecular Probes) was used to stain the microbes
for fluorescence imaging. To the 1 mL microbial suspension two
nucleic acid stains, namely SYTO 9 and propidium iodide, were
added to obtain a resulting concentration of 5 �M and 45 �M for
SYTO 9 and propidium iodide, respectively. The resulting mix-
ture was incubated for 15 min at room temperature and was pro-
tected from light. After staining, the cells were imaged using a
Zeiss LSM 510/Meta laser scanning confocal microscope at 40�
magnification. When excited at 488 nm, live cells show green
fluorescence (Emission wavelength �500 nm) and lysed cells dis-
play red fluorescence (Emission wavelength � 635 nm).
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