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C
olorectal diseases that may require
surgical intervention include color-
ectal cancer and inflammatory bowel

disease (IBD) among others. Approximately
143000 and 1.4 million people suffer from
colorectal cancer and IBD, respectively, in the
United States (National Cancer Institute and
Centers for Disease Control and Prevention).
Colorectal resection, or colectomy, involves
the removal of bowel tissue affected by dis-
ease and the rejoining (anastomosis) of
healthy ends by surgical suturing and sta-
pling. Incidenceof leakage following standard
surgical anastomosis is reported to occur in
4�17% of cases with colorectal surgery and
can cause serious bacterial infection, leading
to life-threatening consequences.1�6

Laser tissue welding (LTW) is a “stitch-free”
surgical method for the anastomosis of rup-
tured tissues including articular cartilage,7

blood vessels,8 cornea,9 liver,10 urinary tract,11

nerve,12 and skin.13,14 Themechanism for LTW
involves the tissue absorption of laser light,
which is converted toheat energy, resulting in

deformation of tissue proteins and eventually
their fusion.12,15 Interdigitation of the photo-
thermally altered tissue proteins (e.g., type I
collagen fibrils) via covalent (e.g., disulfide)
and electrostatic interactions9,16,17 is consid-
ered to be the basic mechanism for tissue
welding following laser treatment.
Laser tissue welding possesses several

advantages over conventional suturing and
stapling procedures for repair and healing
of ruptured tissues. These include short
operation times, immediate fluid-tight seal-
ing, reduced foreign body reactions (e.g.,
inflammatory response), scar reduction, and
accelerated healing.18�21 Moreover, laser
tissue welding is particularly applicable in
regions where suturing and stapling may
not be feasible. Major concerns associated
with traditional LTW carried out with laser
irradiation alone include insufficient anasto-
moses strength, low depths of light pene-
tration, and peripheral tissue thermal
damage. These limitations can be poten-
tially addressed by the introduction of
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ABSTRACT Approximately 1.5 million people suffer from colorectal cancer

and inflammatory bowel disease in the United States. Occurrence of leakage

following standard surgical anastomosis in intestinal and colorectal surgery is

common and can cause infection leading to life-threatening consequences. In this

report, we demonstrate that plasmonic nanocomposites, generated from elastin-

like polypeptides (ELPs) cross-linked with gold nanorods, can be used to weld

ruptured intestinal tissue upon exposure to near-infrared (NIR) laser irradiation.

Mechanical properties of these nanocomposites can be modulated based on the

concentration of gold nanorods embedded within the ELP matrix. We employed

photostable, NIR-absorbing cellularized and noncellularized GNR�ELP nano-

composites for ex vivo laser welding of ruptured porcine small intestines. Laser

welding using the nanocomposites significantly enhanced the tensile strength, leakage pressure, and bursting pressure of ruptured intestinal tissue. This,

in turn, provided a liquid-tight seal against leakage of luminal liquid from the intestine and resulting bacterial infection. This study demonstrates the utility

of laser tissue welding using plasmonic polypeptide nanocomposites and indicates the translational potential of these materials in intestinal and colorectal

repair.

KEYWORDS: gold nanorods . elastin-like polypeptide . plasmonic biomaterials . laser tissue welding

A
RTIC

LE



HUANG ET AL . VOL. 7 ’ NO. 4 ’ 2988–2998 ’ 2013

www.acsnano.org

2989

exogenous protein-based solders in concert with near-
infrared (NIR) light absorbing chromophores.22,23 Upon
laser irradiation of the chromophores, the protein
solders denature and can be incorporated into the
weld site, leading to improved tensile strength of the
closure, minimized peripheral tissue destruction, and
reduction in foreign body responses. Use of NIR irra-
diation enables deeper tissue penetration.
Here, we show ex vivo laser welding of ruptured

small intestinal tissue using novel gold nanorod�
elastin-like polypeptide (GNR�C12ELP) plasmonic
nanocomposites.24 The current work possesses several
advantages for laser-based repair of tissues, particularly
compared to organic chromophores: (1) gold nanorods
possess higher photochemical stability and minimum
diffusivity compared to organic chromophores;25 (2)
gold nanorods, which possess high near-infrared ab-
sorption cross-section, can convert light into heat more
efficiently compared to conventional dyes (e.g., indo-
cyanine green).26,27 This, in turn, can potentially reduce
thermal damage of the peripheral tissue. (3) Engineered
elastin-like polypeptides (ELPs) are biocompatible, de-
monstrate low immunogenicities,28,29 and have been
employed for several biomedical applications,30,31 in-
cluding wound healing.29 Plasmonic nanocomposites,
in which ELPs are cross-linked using gold nanorods, can
provide improved dynamic shear stiffness as well as
stretch/recoil properties that mimic the wound-healing
environment during the proliferation (granulation)
stage. The elasticity of the GNR�C12ELP nanocomposite
can allow for recovery of intestinal and colorectal func-
tion. In this report, we therefore characterized the
mechanical properties of GNR�C12ELP plasmonic
nanocomposites and evaluated the tensile strength,
leaking and bursting pressures, and bacterial leakage
following ex vivo laser tissue welding of porcine intest-
inal tissue with and without the plasmonic nano
composite. Our results demonstrate that GNR�C12ELP
plasmonic nanocomposites may be attractive materials
for surgical repair and regeneration applications.

RESULTS AND DISCUSSION

Self-assembly of thermally responsive C12ELPs (ELPs
containing 12 cysteines in the polypeptide repeat
sequence; transition temperature Tt = 30.4 �C) on GNRs
(λmax = 780 nm) was facilitated by gold�thiol bonds,
resulting in the formation of well-dispersed nanoas-
semblies at 4 �C. Incubation of the nanoassemblies at
37 �C (>Tt of C12ELP) for 6 h led to temperature-
triggered, entropy-dominated phase transition of
C12ELP,

32 which, in concert with GNR�thiol and intra-
and intermolecular cysteine�cysteine cross-linking,
resulted in the formation ofmaroon-colored plasmonic
nanocomposites as precipitates (Figure 1A).24 Typi-
cally, the solid-phase GNR�C12ELP nanocomposites
were 10 mm in diameter, 2.2 ( 0.2 mg in weight, and
247( 65μmthick, as determined using a digital caliper

and light microscopy. Gold nanorods were uniformly
distributed throughout the C12ELP matrix, as visualized
by field emission scanning electronmicroscopy (FE-SEM)
(Figure 1B). The absorbance spectra of nanocomposites
(Figure 1C) demonstrated both transverse (λmax =
520 nm) and red-shifted longitudinal bands (λmax =
∼800 nm). These are characteristic of the embedded
gold nanorods and reflect the plasmonic properties of
these nanocomposites. The red shift in the longitudinal
peak is likely due to a change in dielectric constant of the

Figure 1. (A) Digital image of GNR (5.4 wt %)�C12ELP
nanocomposite. (B) Environmental field-emission scanning
electronmicroscopy (FE-SEM) images of GNR�C12ELP nano-
composites. Microscopy (PHILIPS FEI XL-30 SEM), operated
at an accelerating voltage of 25 kV, indicated uniform
distribution of gold nanorods throughout the polypeptide
matrix in the nanocomposite. Gold nanorods are∼15 nm in
diameter, ∼50 nm in length (scale bar: 200 nm). (C) Absor-
bance spectra of GNR (5.4 wt %)�C12ELP nanocomposite.
(D) Swelling experiments reveal a statistically significant
(p < 0.001) reduction in swelling capacity with an increase in
GNR weight percentage (wt %). Each data point represents
the mean of at least three measurements. Statistical sig-
nificance (p-value <0.05) was determined using one-way
ANOVA (Minitab).
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local environment around GNRs due to the presence
of the C12ELP polypeptide.24

Engineered ELPs are promising materials in several
biomedical applications, but their low dynamic shear
stiffness can be limiting for regenerative medicine
applications that require load-bearing properties.33

By incorporating GNRs within the ELP matrix, we
demonstrated the ability to modulate swelling and
absolute shear modulus of these plasmonic nanocom-
posites. A statistically significant (p < 0.001) reduction
in the swelling ratio from 11 to 6 was observed when
the weight percentage of GNRs increases from 0% to
5.4% (Figure 1D). Increase in GNR content facilitates
cross-linking, which results in the formation of a more
rigid network with reduced swelling properties.
Rheological properties of C12ELP coacervates

formed in the absence of GNRs and GNR�C12ELP
nanocomposites (GNR wt %: 0.47, 0.9, 1.9, and 3.7)
were measured under frequency sweep (Figure 2A, B)
and temperature sweep (Figure 2C, D) conditions.
C12ELP coacervates possess an absolute shearmodulus
(|G*|; also known as dynamic shear stiffness) of approxi-
mately 0.56 ( 0.1 kPa (Figure 2A). Previous reports
indicate that |G*| of non-cross-linked ELP was approxi-
mately 0.08 kPa,34 while that of chemically cross-linked

ELPs ranged from 0.26 to 3 kPa.33,35 The absolute shear
modulus of C12ELP coacervates is similar to that of
chemically cross-linked ELPs, presumably due to the
presence of intra- and intermolecular cysteine�cysteine
cross-linking.24 The absolute shear modulus of C12ELP
coacervateswas further enhancedwith the introduction
of GNRs. The |G*| of GNR�C12ELP nanocomposite in-
creased from∼2 kPa to∼8 kPa as GNR weight percent-
age increased from0.47wt% to 3.7wt%. The increase in
material stiffness (or |G*|) is due to the presence of gold
nanorods in the nanocomposite.
All nanocomposites demonstrated predominantly

elastic behavior, as reflected by the values of loss
angles (δ), which were less than 10 degrees in the
cases investigated; the mean value of tan δ of the
nanocomposites was independent of GNR concentra-
tion (Figure 2B). Increase in temperature from 25 �C to
45 �C did not influence the absolute shear moduli of
nanocomposites (Figure 2C and D). The loss angle of
the nanocomposites was also independent of tem-
perature, reflecting the intrinsically stable elastic be-
havior of nanocomposites under normal and
moderately hyperthermic physiological conditions.
This is particularly significant for repair of intestinal
and colorectal tissues, which require material elasticity

Figure 2. Rheological behavior of GNR�C12ELP nanocomposites. (A and B) Frequency sweep. (C and D) Temperature sweep.
The absolute shear modulus (|G*|) remained stable with ascending frequency, but increases with gold nanorod content. All
nanocomposite samples showed a predominantly elastic behavior with small loss angle (tan δ) values.

A
RTIC

LE



HUANG ET AL . VOL. 7 ’ NO. 4 ’ 2988–2998 ’ 2013

www.acsnano.org

2991

for their function. Thus, cross-linking cysteine-contain-
ing ELPs using gold nanorods can significantly improve
the ELP dynamic shear stiffness in a tunable manner
and result in elastic nanocomposites. In addition, the
ELP molecules provide a confinement barrier around
GNRs, which not only can maintain GNR stability in
physiological environments but can also facilitate bet-
ter control of the local nanorod density, thereby result-
ing in a reproducible photothermal response.
Biocompatible ELP-based hydrogels, aggregates, and

micelles can support cell proliferation and/or differentia-
tion for vascular graft, cartilage, ocular, and liver tissue
engineering.33,36�40 Given that cellularized scaffolds
may play a role in accelerating the repair and regenera-
tion of tissues, we wanted to determine whether
GNR�C12ELP nanocomposites could support cell culture
and proliferation. We demonstrated that murine fibro-
blasts could adhere as well as proliferate when cultured
on top of nanocomposites (Figures S1, S2, and S3,
Supporting Information). In Figure S1A, the number of
cells attached on top of GNR�C12ELP nanocomposites
was approximately 60% of that observed in the case of
the tissue culture plastic control, 24 h after cell seeding
(Figure S1, dotted line). Increasing the GNR weight
percentage in the nanocomposites from 1.9 to 5.4
resulted in an approximately 25% decrease in cell adhe-
sion density (p < 0.001). Reduced cell adhesion and
proliferation on the nanocomposite surface may be in
part due to the nature of the surface chemistry of the
nanocomposites. We also investigated polyethylene
glycol (PEG)-modified GNRs for cross-linking C12ELPs.
This resulted in the formation of PEG�GNR�C12ELP
nanocomposites, with various PEG weight percentages
(4.7�19.7wt%) andafixedGNRconcentration (1.9wt%).
Significantly higher (p < 0.001) cell adhesion density
was observed on PEG�GNR�C12ELP nanocomposites
(∼110 cells/mm2), compared to GNR�C12ELP nanocom-
posites (∼75 cells/mm2), after 24 h of cell seeding (Figure
S1B). Fibroblast cell proliferation on PEG�GNR�C12ELP
nanocompositeswasup to30%higher than in the caseof
unmodified GNR�C12ELP nanocomposites. Although
fibroblasts adhered and proliferated on both PEG-mod-
ified and unmodified GNR-based nanocomposites, their
proliferation was less than that observed on tissue
culture plastic control (Figure S2). However, the viability
of cells adhered on all nanocomposites was greater than
90�95% in most cases (Figure S3). Taken together, the
nanocomposites were able to support fibroblast growth
and proliferation with negligible toxicity, indicating that
both the cellularization potential and the plasmonic
properties of these nanocomposites can be employed
in tissue repair and regeneration applications.
We next investigated both cellularized (PEG�GNR�

C12ELP) nanocomposites and noncellularized (GNR�
C12ELP) nanocomposites as solders for laser-based
welding of porcine small intestines ex vivo. We chose
PEG�GNR�C12ELP for the cellularization studies since

they showed modestly higher cell proliferation com-
pared to GNR�C12ELP nanocomposites. The injury
model employed in this study is representative of
bowel tissue after conventional anastamoses with
leakage. Following an incision injury to the intestine,
the plasmonic nanocomposite (1 mm diameter and
∼2 mg) was applied to the site of the injury, followed
by laser-based photothermal treatment. The tensile
strength of the rectangular tissue section was deter-
mined in order to evaluate the mechanical integrity of
different treatments (Figure 3A). As expected, ruptured
and intact small intestine sections possess the lowest
(0.11 ( 0.01 MPa) and highest (0.45 ( 0.02 MPa)
ultimate tensile strengths, respectively (Figure 3B). In
the absence of the plasmonic nanocomposites, laser
irradiation alone (20 W/cm2, 1 mm/s, and 3 min) across
the incision did not enhance the tensile strength of the
ruptured intestine. In the absence of laser irradiation,
nanocomposites alone demonstrated negligible adhe-
sion and enhanced the tensile strength of the ruptured
tissuebyamodest amount (∼0.03MPa;p=0.052,n=11).
NIR laser irradiation (20 W/cm2; constant speed of

1 mm/s) of GNR�C12ELP nanocomposites containing
1.9, 5.4, and 8.7 wt % GNRs resulted in bulk tempera-
tures of 46( 1.1, 61( 1.5, and 64( 0.9 �C, respectively
(n = 9), due to the photothermal properties of these
plasmonic biomaterials. It is likely that the temperature
at the site of the weld may be much higher than the
bulk temperature. Irradiating ruptured intestines using
nanocomposites containing 1.9 and 5.4 wt %GNR with
an NIR laser for only oneminute resulted in an increase
in the tissue ultimate tensile strength up to 0.17( 0.01
and 0.22( 0.01 MPa, respectively. The higher recovery
in the case of a GNR concentration of 5.4 wt % may be
due to the higher welding temperature (61 ( 1.5 �C)
attained in this case. It is typically necessary to heat
tissues above 60 �C in order to induce coagulation of
proteins for obtaining robust welds.18,41 Increasing the
laser irradiation time from 1 min to 7 min and increas-
ing the GNR content in nanocomposites from 5.4 wt %
to 8.7 wt % did not enhance the tensile strength of the
welded tissue further. Standard suturing techniques
allow for up to 60% recovery of the mechanical
strength of ruptured bowel intestinal tissue by 3 to
4 days.42,43 We demonstrated that laser treatment in
combination with nanocomposites could enhance the
tensile strength of ruptured intestinal sections up to
approximately 47% of the original intact form.
We also used cellularized (fibroblast-containing)

PEG�GNR�C12ELP nanocomposites for welding the
ruptured intestine (Figure 3C); fibroblasts were cul-
tured on top of the nanocomposites (PEG 4.7 wt %
and GNR 1.9 wt %) for 1, 4, and 7 days before laser
tissue welding. In all cases, welding strengths were
similar to those observed with acellular nanocompo-
sites, indicating that materials cellularized with judi-
cious choice of cells can further participate in repair
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and regeneration of welded tissues. The lack of tensile
strength enhancement of fibroblast-cultured nano-
composites may be partially due to insufficient stroma
production likely as a result of the relatively low density
of cells cultured on the nanocomposites. It has been
reported that stroma production by fibroblasts occurs

at a significantly higher rate once cultured cells reach
confluence (or at the stationary phase) than in the
exponential growth phase of culture.44 Other studies
demonstrated that changes in the microenvironment
(e.g., cell culture substrate material) can significantly
affect, and likely decrease, stroma production by NIH
3T3 cells.45,46 It is likely that the relatively low density of
fibroblasts, as well as the microenvironment of nano-
composites, resulted in insufficient production of stro-
ma, which in turn was responsible for the lack of
enhancement in tensile strength upon cellularization
with NIH 3T3 fibroblasts.
A critical aspect of sealing intestinal and colorectal

tissues involves prevention of leakage of luminal fluid
after anastomosis. Exposure of surrounding tissues to
this bacteria-rich fluid can result in sustained inflamma-
tion, shock, and mortality.47�49 To ensure that nano-
composite-assisted laser tissue welding results in fluid-
tight sealing, we investigated (i) the leakage andbursting
pressure (defined in the Experimental Section) and
(ii) bacterial leakage following welding. Nanocompo-
sites (∼2 mg), at a fixed GNR concentration of 5.4 wt %,
were first applied to the 5 mm cut (Figure 4A, B),
followed by laser irradiation (Figure 4C, D), leading to
a temperature increase of up to 61( 1.5 �C. The leakage
and bursting pressures were measured immediately
after anastomosis (Figure 4E) using a homemade device
and reported in pounds per square inch (psi) (Figure 4F).
As expected, the ruptured and intact intestine demon-
strated the lowest and highest leakage/bursting pres-
sures, respectively. In the case of ruptured intestines,
bursting was observed immediately and was followed
by leakage. Both the leakage and bursting pressures
were approximately 0.2 psi. In the case of intact intes-
tines, the first evidence of leakage was observed at the
needle-piercing site at a pressure of 7.2 psi, while
bursting was observed along the tissue when the
pressure reached 12 psi. Ruptured intestines treated
with laser alone (without nanocomposite) and nano-
composite alone (without laser treatment) demon-
strated negligible leakage/bursting pressures (<1 psi),
indicating that these treatments had a minimal effect
on repair. Laser irradiation of the nanocomposite at
the incision site increased both the tissue leakage and
bursting pressures. Increasing the laser irradiation time
from 1 min to 7 min resulted in an increase in both
leakage and bursting pressures to 5 ( 1.3 and 5.8 (
0.5 psi, respectively. In these cases, bursting immedi-
ately followed leakage, as reflected by similar values for
leakage and bursting pressures.
Exposure of the tissue to the NIR laser for 5 and 7min

resulted in similar tissue leaking/bursting pressures;
however, tissue charring and shrinkage were observed
after irradiation for 7 min. Overall, laser irradiation of
nanocomposites (GNR 5.4 wt %) for 5 min provided
optimal tissue welding and resulted in tissue leaking

Figure 3. (A) (i) Schematic depicting the experimental setup
for laser tissue welding. (ii) NIR laser light was irradiated
across the nanocomposite (with or without cells) placed on
top of the incision. The welded tissue was then subjected to
tensile strengthmeasurement (F: force). (B) Ultimate tensile
strength of tissues before and after laser tissue welding
using (GNR�C12ELP) nanocomposites. (C) Ultimate tensile
strength of tissues before and after laser tissue welding
using cellularized (PEG�GNR�C12ELP) nanocomposites.
Fibroblasts were cultured on top of nanocomposites for 1,
4, and 7 days.
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and bursting pressure recovery from 3%up to 71% and
45% of the their original intact forms, respectively.
Leakage of bacteria from intestinal tissue was inves-

tigated following incision closure using nanocompo-
site-assisted laser welding. On the basis of our previous
optimization, we employed nanocomposites (∼2 mg),
at a fixed GNR concentration of 5.4 wt %, to weld a
5 mm incision located at the center of tubular porcine
small intestine (∼10 cm in length) using NIR laser
irradiation (20 W/cm2, 5 min). DH5-R E. coli cells were
employed as model bacteria to mimic the inner con-
dition of the intestine. Note that the bacterial concen-
tration in intestine sections is 105�109 bacteria/gram
of intestinal contents;50,51 E. coli cell cultures with an
OD600 of 0.5 are approximately 4� 108 bacteria permL.
Leakage of DH5-R cells from inside the intestine to the
surrounding fresh LB culture broth was followed as an
indication of resistance to infection. The schematic of
the experimental setup is shown in Figure 5A.
Rupture of the small intestine resulted in leakage of

DH5-R cells into the fresh LB broth, leading to an
increase in turbidity of the surrounding medium as
measured using optical density at 600 nm, or OD600. No
leakagewas observed in the case of the intact intestine
(control, Figure 5B) and the ruptured intestine treated

with the nanocomposite and NIR laser irradiation
(Figure 5C) two hours after introducing DH5-R cells
(10mL, OD600 = 0.5) into the tubular small intestines. In
these cases, the fresh LB broth remained clear or
nonturbid. Conversely, in Figure 5D and E, the un-
treated ruptured intestine and ruptured intestine trea-
ted with laser alone (without nanocomposite) did not
prevent leakage of bacteria; a significant increase in LB
broth optical density was observed.
Figure 5F and G provide a quantitative analysis of the

bacterial leakage, based onOD600. Bacterial leakagewas
immediately observed upon introduction of DH5-R cells
into the tubular intestines in the case of untreated
ruptured intestine, ruptured intestine treated with the
NIR laser alone (no nanocomposite), and ruptured
intestine treated with nanocomposite alone (no laser)
conditions (Figure 5F, white markers). In all these cases,
OD600 of the fresh LB broth increased from 0 at 0 h to
0.22( 0.03 at 4 h, indicating growth of leaked bacterial
in the fresh LB broth medium. These initial increases in
optical density of fresh LB broth were followed by a
gradual decrease in OD600 from 0.22 ( 0.03 to 0.09 (
0.03 between 4 and 8 h, which is likely due to the
stationary and autolytic phases of DH5-R cells.52,53

Finally, a steady increase in OD600 from 0.09 ( 0.03 up

Figure 4. Bursting and leakage studies following laser tissuewelding of intestines using nanocomposites. (A) A 5mm incision
was first applied to the intestine. (B) Nanocomposite (∼2 mg) was then applied to the cut, and (C) irradiated with a laser
at 20 W/cm2, resulting in (D) a fluid-tight sealing. (E) The leaking and bursting pressures were measured and reported.
(F) Bursting and leakage pressures of tissues before and after laser tissue welding using nanocomposite solders.

A
RTIC

LE



HUANG ET AL . VOL. 7 ’ NO. 4 ’ 2988–2998 ’ 2013

www.acsnano.org

2994

0.66 ( 0.16 was observed between 8 and 24 h
(Figure 5G, white markers). This reflects the growth of
pre-existing bacteria in the intestinal tissues.
For the condition where ruptured intestine was

welded with both nanocomposite and NIR laser
(Figure 5F, red circle markers), the optical density
(OD600) of the fresh LB broth remained low at 0.04 (
0.007 up to 8 h after introduction of DH5-R cells into
the tubular intestine, indicating no DH5-R leakage. An
increase in optical density (up to 0.72( 0.25) at 600 nm
was observed after 8 h (Figure 5G, red circle markers).
Both controls, intact intestine filled with either DH5-R

cells or fresh LB broth without bacteria (Figure 5G, red
square and triangle markers), showed a growth in
turbidity similar to the nanocomposite-assisted, laser-
welded ruptured intestine samples (Figure 5G, red
circle markers), confirming that bacterial growth be-
tween 8 and 24 h is due to pre-existing bacteria in the
tissue and not from the leakage of DH5-R cells into
fresh LB broth medium. In addition, the overall growth
of bacteria in conditions associated with DH5-R leak-
age (Figure 5G, white markers) is less pronounced than
those without DH5-R leakage (Figure 5G, red markers).
This is presumably due to the depletion of nutrients
and the growth competition between DH5-R and
intestinal bacteria associated with the tissues. Overall,
ruptured intestines that underwent laser tissue weld-
ing using nanocomposites can provide a fluid-tight
sealing and prevent bacterial leakage. The leakage
prevention was successful, and we observed that the
laser-activated nanocomposite continued to provide a
liquid-tight sealing for at least oneweek, whichwas the
duration of these studies (not shown).
The above studies indicate strong translational po-

tential of the plasmonic nanocomposites in clinical
applications, although detailed studies will be needed
as part of future work. In all these studies, laser tissue
welding was carried out using a laser power density of
20 W/cm2, which is similar to that employed in other
in vitro and in vivo studies.13,22,54 Laser energies em-
ployed in preclinical laser tissue welding typically range
from 3 to 20 J/mm,13,22,54 while clinical laser-assisted
scar healing employs approximately 0.5 J/mm to reduce
charring.55 In our study, approximately 20 J/mm was
employed for intestinal laser tissue welding, which is
within the limit of preclinical studies. It is important to
note that clinical translation of laser welding with the
current nanocomposites will require further optimiza-
tion of laser dosage and nanoparticle:polypeptide ratios
under the guidance of real-time photothermal response
monitoring and predictive mathematical modeling
in vivo in order to prevent undesired peripheral tissue
damage. Although better than visible light, penetration
of near-infrared light is restricted in vivo, which can be
limiting for laser-based welding of different tissues.
However, it is anticipated that these materials will be
used for anastomosis after removal of diseased tissue
during surgery, when the tissue is opened and acces-
sible to laser light. We chose ELPs and GNRs in the
current study, since both materials have been demon-
strated to be biocompatible in preclinical studies. ELPs
have been shown to degrade over time; degradation
rates of 4%/day and 2.5wt%/daywere reported in fresh
mouse serum56 and in nude mice,57 respectively. The
long-term residence/clearance of gold nanorods in vivo
has not been entirely elucidated, but gold nanoshells
(Auroshell), under investigation for hyperthermia treat-
ment of head and neck cancer disease, showed negli-
gible toxicity in beagle dogs after 10 months.58 Taken

Figure 5. (A) Schematic depicting the experimental setup
for the bacterial leakage study. At 2 h after introduction of
DH5-R cells, no leakage was observed in the case of (B)
intact intestine control and (C) nanocomposite-assisted,
laser-welded ruptured intestine. The fresh LB broth re-
mained clear and uncontaminated. (D) Ruptured intestine
and (E) laser-treated (without nanocomposite) ruptured
intestine did not provide a liquid-tight sealing, which
resulted in bacterial leakage and growth in fresh LB broth
medium. (F and G) Change in OD600 of fresh LB broth was
monitored as a function of time (E: 0�8 h, F: 0�24 h) and at
different treatment conditions for quantitative comparison.

A
RTIC

LE



HUANG ET AL . VOL. 7 ’ NO. 4 ’ 2988–2998 ’ 2013

www.acsnano.org

2995

together, these plasmonic nanocomposites are exciting
materials for laser-based tissue repair.

CONCLUSIONS

In this study, we investigated biocompatible gold
nanorod�elastin-like polypeptide nanocomposites as
plasmonic biomaterial “solders” for intestinal tissue
repair using NIR laser-based tissue welding. Engineered
cysteine-containing ELPs (C12ELPs) were selected
mainly due to their elasticity, thermal response, stability,
and biocompatibility. Gold nanorods were employed
with the dual purpose of cross-linking ELPs, leading to a
stabilized matrix with tunable stiffness, and for their
plasmonic/photothermal properties. Both cellular and
acellular GNR�C12ELP nanocomposites were able to
successfully repair ruptured intestinal tissue upon laser
irradiation, with minimal tissue charring and shrinkage.
Significant enhancements in recovery of leakage and

bursting pressures, as well as tensile strength of the
repaired intestines, were observed. Laser welding using
the plasmonic nanocomposites also resulted in preven-
tion of bacterial leakage from the intestine to the
surroundings, indicating their potential in reducing
anastomotic leakage. These nanocomposites possess
tremendous translational potential in the repair of
intestinal and colorectal tissues in several diseases,
including cancer. Use of therapeutically relevant cells,
including stem cells, and encapsulation of drugs within
the nanocomposite can further enhance healing and
repair, while preventing infection. Future work will
involve optimization of parameters employed in laser-
based tissue welding using these nanocomposites,
comparison with traditional dyes, spatiotemporal map-
ping of photothermal responses, and photothermally
triggered release of therapeutic molecules, leading to
preclinical evaluation of these promising materials.

EXPERIMENTAL SECTION
Materials. Gold(III) chloride trihydrate (HAuCl4 3 3H2O), cetyl-

trimethyl ammonium bromide (CTAB), L-ascorbic acid, sodium
borohydride, and silver nitrate were purchased from Sigma-
Aldrich. Reductacryl resin was purchased from EMD. All chemi-
cals were used as received without further purification. DMEM
cell culture medium was purchased from Invitrogen. Pen-Strep
solution (10 000 units/mL penicillin and 10 000 μg/mL strepto-
mycin in 0.85% NaCl) and fetal bovine serum (FBS) were
purchased from Hyclone. Fresh porcine small intestines were
purchased from Animal Technologies Inc., Texas. Luria�Bertani
(LB) broth was purchased from Fisher Scientific.

Gold Nanorod Synthesis and Characterization. The seed-growth
method59 was employed for the generation of gold nanorods.
All chemicals were freshly prepared in nanopure water
(resistivity, 18.2 MΩ-cm) for synthesis procedures. Briefly, a
seed solution was prepared by sodium borohydride (0.6 mL,
0.01 M, 4 �C)-mediated reduction of HAuCl4 3 3H2O (5 mL,
0.5 mM) in CTAB (5 mL, 200 mM) under vigorous stirring. The
growth solutionwas prepared by adding L-ascorbic acid (280 μL,
0.0788 M) to reduce HAuCl4 3 3H2O (20 mL, 0.001 M) in CTAB
solution (20 mL, 200 mM) containing silver nitrate (1080 μL,
0.004 M). The seed solution (50 μL) was introduced to a 40 mL
growth solution overnight under continuous stirring at 28 �C,
which resulted in the formation of gold nanorods stabilized by a
CTAB bilayer.60 These GNRs possessed absorbance maxima
(λmax) in the near-infrared region (700�1000 nm) of the light
absorption spectrum. Nanorod aliquots, with an initial CTAB
concentration of 100mM,were pelleted by centrifugation (6000
rcf, 10min), followingwhich the clear supernatant was removed
and resuspended in nanopure water to various final volumes.
Further centrifugation, decantation, and dilution steps allowed
the generation of a series of nanorod samples (9.5�190 μg/mL)
with CTAB concentration less than 0.25 mM; we have previously
determined that this CTAB concentration is optimal for nano-
composite formation.61 In all cases, the concentration of gold in
GNRs was determined using inductively coupled plasma optical
emission spectrometry (ICP-OES, iCAP 6000 Series, Thermo
Electron Corporation); NIR light absorption characteristics of
the nanorods were determined using a plate reader (Biotek
Synergy 2).

Preparation of Poly(ethylene glycol)-Modified Gold Nanorods. Ali-
quots of gold nanorod dispersions (19 μg/mL) were centrifuged
at 6000 rcf for 10min. The supernatants were decanted, and the
GNR precipitates were resuspended in mPEG5000-SH solutions
(Creative PEGWorks) at various concentrations (50�250 μg/mL)
for 2 h at room temperature. Free mPEG5000-SH molecules

were removed by centrifugation at 6000 rcf for 10 min.62 The
final PEG�GNRs were resuspended in nanopure water.

Synthesis, Expression, and Purification of Elastin-like Polypeptides.
Elastin-like polypeptides, containing 12 cysteines residues
(C12ELP) in the repetitive sequence, MVSACRGPG-(VG
VPGVGVPGVGVPGVGVPGVGVPG)8-(VG VPGVG VPGVG VPGCG
VPGVG VPG)12-WP, were generated via recursive directional
ligation.63 The C12 in the C12ELP name indicates the presence of
12 cysteines in the ELP repeat sequence. Oligonucleotides
encoding ELPs were first cloned into pUC19, followed by
cloning into a modified version of the pET25bþ expression
vector at the sfiI site. Escherichia coli BLR(DE3) (Novagen) was
used as a bacterial host for polypeptide expression, followed by
purification, lyophilization, and storage at 4 �C as described
previously.

Preparation of GNR�C12ELP Nanocomposite. Preparation of
GNR�C12ELP nanocomposites follows two distinct steps as
described previously:61,64 (i) self-assembly of C12ELPs on GNRs
via gold�thiol bonds at 4 �C leading to the formation of
GNR�C12ELP dispersions (nanoassemblies) and (ii) phase se-
paration (coacervation and maturation) of these nanoassem-
blies, leading to the irreversible formation of solid-phase
nanocomposites at 37 �C. GNRs (9.5�190 μg/mL in nanopure
water) at a volume of 1 mL were mixed with 1 mL of C12ELP
(2 mg/mL, 1 � PBS) overnight at 4 �C. This led to the formation
of GNR�C12ELP nanoassemblies with various GNR weight
percentages (0.47�8.7 wt %). GNR�C12ELP nanoassemblies
(2 mL) were placed in a homemade device and incubated at
37 �C for 6 h, leading to the formation of GNR�C12ELP nano-
composites (10 mm diameter, thickness = 247( 65 μm) on top
of a glass coverslip. The thickness of the nanocomposites was
determined using a digital caliper and light microscopy. Similar
procedures were followed for preparing PEG�GNR�C12ELP
nanocomposites consisting of PEG-modified gold nanorods.
The successful binding of C12ELP to PEGylated gold nanorods
was confirmed experimentally using a BCA protein assay kit
(Thermo Scientific). The binding percentage of C12ELP to PEG-
modified nanorods is 78.4 ( 1.4 (%) (n = 6). In addition,
93.2( 2.2 (%) (n = 6) of the PEG�GNR�C12ELP nanoassemblies
phase separated into solid nanocomposite upon temperature
elevation.

Swelling Studies. GNR�C12ELP nanocomposite samples were
incubated in 2mL of 1� PBS (pH 7.4) at 25 �C for 24 h, following
which the mass of the nanocomposite plus the tube was
measured. The mass of the swollen nanocomposite (Ms) was
determined by subtracting the mass of the tube from the total
mass. The nanocomposites were freeze-dried using lyophilizer

A
RTIC

LE



HUANG ET AL . VOL. 7 ’ NO. 4 ’ 2988–2998 ’ 2013

www.acsnano.org

2996

(FreeZone, Labconco Corporation). The dry mass (Md) was
calculated by subtracting the mass of the tube from the total
mass. The swelling ratio (Q) is defined as the weight fractional
increase of the nanocomposite due to water absorption, where
Q = (Ms � Md)/Md.

65

Rheological Measurements. Mechanical properties of GNR�C12ELP
nanocomposites and C12ELP coacervates were assessed using an
AR-G2 rheometer (TA Instruments) in a parallel plate configuration
(8mmdiameter). Thesamples (10mmdiameter,∼1mmthickness)
were loaded between the plates, and the gap was closed until the
samplewas in good contactwith both plates (normal force <0.1 N).
Prior to measurement, samples were equilibrated on a tempera-
ture-controlled Peltier plate for 30min in order to exclude the time-
dependent relaxation during the measurement. The dynamic
frequency sweep was conducted over an angular frequency range
of 1�40 rad/s, at a fixed strain amplitude of 0.05 and 25 �C. A
temperature sweep was performed between 25 and 45 �C at a
temperature increment rate of 1 �C/min, and the frequency and
strain amplitude were controlled at 20 rad/s and 0.05, respectively.
The absolute shear modulus (|G*|) and tangent of the loss angle
(tan δ), representing the stiffness and the relative measure of
viscous to elastic effects of the nanocomposite under dynamic
loading, respectively, were calculated. The absolute magnitude of
the shear modulus, |G*|, was determined based on the definition
|G*| = (G02 þ G002)0.5, where G0 and G00 are the elastic storage
modulus and the viscous lossmodulus, respectively. The tangent of
the loss angle was determined based on (tan δ = G00/G0). Note that
for purely elastic ideal solids the loss angle (δ) is 0�, while purely
viscous Newtonian fluids have a loss angle (δ) equal to 90�.

Cell Culture on Nanocomposite Solders. NIH 3T3murine fibroblast
cells were cultured at 5% CO2 and 37 �C using DMEM medium
containing 10% heat-inactivated fetal bovine serum and 1%
antibiotics. The biocompatibility of nanocomposites containing
various GNR (1.9�5.4 wt %) and PEG (0�19.7 wt %) weight
percentages was evaluated in 96-well plates. Nanocomposites
were formed at the bottom of the wells and treated with serum-
containing cell culture medium. Fibroblasts (5000 cells/well)
were seeded on top of nanocomposites for 24, 48, and 72 h. Cell
viability analyses were carried out using the fluorescence-based
live/dead assay (Invitrogen) and a Zeiss AxioObserver D1 in-
verted microscope (Carl Zeiss MicroImaging Inc.). Quantitative
analysis was carried out by counting cells using the ImageJ
software.61

Laser Tissue Welding. A titanium sapphire laser pumped by a
solid-state laser (Spectra-Physics, Millennia) was employed for
laser tissue welding. The excitation source (continuous wave,
2mmbeamdiameter) was tuned to overlap with the λmax of the
nanocomposites at 800 nm. Tissue samples were defrosted in
nanopure water and kept moist at 25 �C for laser tissue welding.

Tensile Strength Measurements. An 8 mm full thickness incision
was applied at the center of the intestine section (4 � 1 cm,
∼0.1 cm thick). The incision edges were brought into contact
with one another, and nanocomposite (1 cm diameter) was
applied on top of the serosa layer and across the incision with
full contact (Figure 3A). Laser irradiation (20W/cm2) was applied
vertically at a speed of 1 mm/s across the nanocomposite for
60 s, and samples were kept moist during welding to minimize
charring. After welding, tissue tensile strength was measured
using a TA XT Plus texture analyzer (Texture Technology Corp.,
NY) with a 5 kg load cell. Welded tissues were held with
pneumatic grips to prevent slipping during testing. Testing
was carried out in the tension mode at a rate of 0.5 mm/s until
failure. Themaximum force (N) achieved before tissue breakage
was recorded and reported as ultimate tensile strength (UTS,
kPa). Intact porcine small intestine sections were subjected to
mechanical testing to determine the UTS of uncut specimens.
Data reported represent the mean ( one standard deviation
from at least three and up to 12 individual samples.

Leakage and Bursting Pressure Measurement. Bursting and leak-
ing pressure tests were conducted on tubular porcine intes-
tines. A homemade pressure detection system was designed
and built (Figure S4). The tubular porcine intestines were cut
into approximately 10 cm sections, leaving both ends opened.
A full thickness incision (∼5 mm) was applied to the center of
the tubular intestine. The nanocomposite was applied to the

incision. The CW laser (20 W/cm2) was then applied to the
nanocomposite (GNR 5.4 wt %) and tissue for various durations
(1, 3, 5, and 7 min). After LTWwas complete, the intestines were
tightly clamped at both ends. A 21G1 PrecisionGlide needlewas
inserted into the tissue, and dyed water was fed into the
intestine sections. The pressure was monitored and recorded
at the leaking and bursting points. The leaking pressure was
defined as when the first drop of colored water was seen
coming out of the weld site.65 The bursting pressure was
defined as when a stream of water was seen coming out of
the weld site. Control bursting and leaking pressure tests were
conducted on intact and cut tissues. The bursting pressure site
was always along the length of the intestine. Dye leakage from
the needle puncture site was considered negligible.

Bacteria Leakage Study. The leakage of E. coli DH5-R bacterial
cells from intestineswas evaluated. A 5mm incisionwas applied
to the center of each 10 cm tubular intestine and subjected to
different treatments (Figure 5A). Immediately after treatment,
the tubular intestines were hung vertically in Erlenmeyer flasks
(each filled with 190mL of fresh LB broth), leaving the two open
ends pointing up. The U-shape hanging method ensures the
incision (or welded) sites were submerged in the fresh LB broth.
A 10 mL culture of bacterial cells at an optical density (OD600) of
0.5 was placed inside the intestine and allowed to incubate
(37 �C, 100 rpm). The optical densities of the fresh LB broth were
monitored as a function of time as an indication for leakage.
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