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We report the design of an injectable synthetic and biodegradable
polymeric biomaterial comprised of polyethylene glycol and a
polycarbonate of dihydroxyacetone (MIPEG-pDHA). MPEG-pDHA is
a thixotropic physically cross-linked hydrogel, displays rapid chain
relaxation, is easily extruded through narrow-gauge needles, bio-
degrades into inert products, and is well tolerated by soft tissues.
We demonstrate the clinical utility of MPEG-pDHA in the prevention
of seroma, a common postoperative complication following ablative
and reconstructive surgeries, in an animal model of radical breast
mastectomy. This polymer holds significant promise for clinical
applicability in a host of surgical procedures ranging from cosmetic
surgery to cancer resection.
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Polymeric biomaterials have contributed significantly to the
advancement of medical and surgical practice over the past
few decades. Their macromolecular structure can be tailored to
provide the appropriate combination of chemical, physical, and
biological properties necessary for a range of medical and surgical
applications. The rational design of polymeric biomaterials has
impacted many fields, including drug and gene delivery, ortho-
pedics, tissue engineering, ophthalmology, and general surgery
(1-3). The work reported herein focuses on the development of
an injectable surgical biomaterial. Its potential impact is dem-
onstrated in the prevention of postoperative seroma.

A seroma is an abnormal collection of serous fluid within the
tissues of the body, akin to an internal blister. Seroma formation is
a common postoperative complication particularly following ab-
lative and reconstructive surgeries. Surgeries that require exten-
sive tissue dissection and create large empty spaces can disrupt
normal lymphatic flow. Subsequently, transduate fluid collects
in these poorly drained “dead spaces,” resulting in formation of
aseroma (4, 5). Seromas can lead to significant patient morbidity,
such as infection, decreased limb mobility, and reoperation (4, 6, 7).
Seroma formation rates range from 9.1% to 81%, depending on
the nature of the surgical procedure (6, 8-13). Notably, modified
radical mastectomies lead to seroma formation rates ranging
from 15% to 38.6%, and radical mastectomies report a rate as
high as 52% (7, 14-17). In current clinical practice, silicone
surgical drains are placed in the wound bed through separate stab
incisions to collect transudate fluid, but they can be a significant
source of pain and discomfort to patients, especially upon their
removal up to several weeks after the initial surgical procedure.
Furthermore, they can increase the risk of infection at the
surgical site.

Several approaches to reduce seroma formation have been
investigated. Surgical techniques, such as collapsing the seroma
cavity with sutures, do not consistently and adequately eliminate
seroma formation (16, 18, 19). Other methods, such as scle-
rotherapy (20, 21), compression dressings (22), and biological
adhesives, particularly fibrin glue (23-27), have not significantly
decreased the clinical incidence of seroma formation.

A more promising, and underexplored, approach involves the
application of synthetic biomaterials to eliminate dead space and
reduce seroma formation. To date, only two biomaterials, a pho-
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topolymerizable polyethylene oxide (28) and a sprayable poly-
urethane (29), have been previously reported.

Therefore, the current state of postoperative seroma prevention
prompted our interest in the design of a surgical biomaterial with
adjustable physiochemical properties that is biocompatible, easy to
handle and apply, and capable of preventing postoperative seromas.
Subsequently, a design strategy that bridges the fields of polymer
chemistry, polymer physics and medicine was adopted. We have
previously described the successful synthesis and characterization
of a diblock copolymer, MPEG-pDHA, comprised of a monome-
thoxy poly(ethylene glycol) (MPEG) block, and a polycarbonate
(pDHA) block based on the metabolic intermediate, dihydroxy-
acetone (DHA) (30). Our present paper describes the character-
ization of an MPEG-pDHA-based physically cross-linked hydrogel
that is thixotropic, displays rapid chain relaxation, possesses high
porosity and high water content, and whose physical and rheologi-
cal properties can be fine-tuned by adjusting the length of its con-
stituting blocks. This biomaterial degrades into biocompatible
products, displays good in vivo biocompatibility, and, most impor-
tantly, successfully eliminates seroma formation in an animal model
of radical mastectomy.

Results and Discussion

There is an unmet clinical need for the development of effective
seroma preventatives. Surprisingly, there are only two published
accounts of synthetic biomaterials for seroma prevention (28,
29). Silverman et al. (28) reported a photopolymerizable mate-
rial that effectively reduced seroma in a rat mastectomy model,
but no follow on studies have been reported. Rubin and cow-
orkers (29) have developed a urethane-based material that shows
efficacy in a dog seroma model. However, though the results are
promising, the material requires long cure times and appears to
be slowly degradable. Given that seromas cause significant pa-
tient morbidity, it is interesting that they have not received more
attention from the biomaterials community.

The design strategy and results presented in this paper describe
a diblock copolymer of monomethoxy-polyethylene glycol and
apolycarbonate based on the human metabolite dihydroxyacetone
(MPEG-pDHA) and its ability to prevent postoperative seroma.

PEG-based polymers have received considerable attention as
biomaterials owing to PEG’s favorable chemical and biological
properties, particularly its established biocompatibility and low
immunogenicity (31). DHA is a three-carbon ketose that is an
intermediate metabolite in the glycolysis pathway, making it
a promising building block for new biomaterials (32). Addition-
ally, DHA is readily manufactured as a fermentative product from
corn syrup and methanol (33). It is currently used as the active
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ingredient in sunless tanning lotions owing to its ability to form
Schiff bases by the reaction of primary amines with its C2 carbonyl
(34-36). The DHA-based polycarbonate (pDHA) is hydrophilic,
but insoluble in water and most common organic solvents, and is
also amendable to one-step functionalization through reductive
amination at the C2 carbonyl group (37). The MPEG-pDHA
diblock copolymer captures some of the properties of both its
constituting blocks and incorporates them to form a physically
cross-linked hydrogel upon hydration. Our working hypothesis
was that MPEG-pDHA-based hydrogels could be injected into
the wound bed to act as both a space filler and bioadhesive, owing
to pDHA's capacity to bind primary amines (37), allowing the gel
to hold the tissue flaps together and seal surrounding leaky blood
vessels and lymphatics, thereby reducing fluid accumulation.

The properties and performance of the gel can be controlled by
adjusting the length of the polymer’s constituting blocks. Sub-
sequently, MPEG-pDHA was synthesized in three different mo-
lecular weights (M,,). The MPEG My, was held constant at 5,000
because at this low M,,, it can undergo renal clearance and is FDA
approved for human use. The pDHA My, was varied (3,000, 5,000,
and 7,000) to produce the three desired block copolymers (ab-
breviated as 5,000-3,000, 5,000-5,000, and 5,000-7,000). MPEG
is a water-soluble hydrophilic polymer, whereas pDHA is in-
soluble in water but hydrophilic based on contact angle meas-
urements (37). These characteristics allow the block copolymers
to form nanoparticles at low concentrations in aqueous environ-
ments (30). At higher polymer concentrations, the block copoly-
mers form gels with physically entangled networks. Such physical
gelation has been observed previously with gels of multiblock
copolymers in selective solvents (38-41).

The increase in the pDHA chain length increases the size of
the insoluble pDHA domains that form the physical cross-links
of the gel, and reduces the relative contribution of the hydro-
philic MPEG domain (38). This subsequently increases the en-
tanglement density (Table 1), which in turn influences the gel
porosity and water uptake. High water content and increased
porosity tend to improve a material’s biocompatibility, and can
also influence its viscosity and elastic nature (1). The MPEG-
pDHA gels exhibit a high water content that decreases with in-
creasing pDHA chain length and entanglement density, as shown
in Table 1. The scanning electron micrographs (SEMs) of cryo-
genically frozen/lyophilized gels shown in Fig. 1 also illustrate
a high degree of porosity that decreases with increasing pDHA
chain length and entanglement density.

The MPEG-pDHA hydrogels are thixotropic and exhibit
a trend of decreasing viscosities with increasing shear rates (Fig.
2A). This thixotropic nature allows the hydrogels to form ex-
trudable materials that can be delivered to the seroma by in-
jection even at remote sites. An increase in the pDHA chain
length and subsequent increase in entanglement density lead to
an increase in hydrogel viscosity (Fig. 24). Figure 2B illustrates
an example of MPEG-pDHA 5,000-5,000 upon extrusion from
a narrow-bore 26-gauge hypodermic needle. The complete set of
viscosity measurements at 28 and 37 °C is provided in SI Text.

Table 1.
relaxation times following shear

Controlling the hydrogel’s entanglement density is essential
for controlling its viscosity and porosity. Entanglement densities
(Table 1) are calculated from the storage (G’) and loss (G'’)
moduli measurements (as detailed in Materials and Methods),
which also provide insight into the elastic nature of the gels.
Figure 2C is an example of a typical G’ and G”’ graph as obtained
for the MPEG-pDHA hydrogel (5,000-3,000 and 5,000-7,000).
The G’ values display very low-frequency dependence and are
greater than G” values across the entire frequency range, a trend
characteristic of elastic hydrogels (42, 43). The G’ and G” values
also increase with increasing pDHA chain length and entangle-
ment density. The complete set of G’ and G’’ measurements is
provided in ST Text.

The MPEG-pDHA chain relaxation time was calculated from
the rheological data. Relaxation calculations help determine the
hydrogel relaxation kinetics following a step strain, which can
provide insight into how long it takes the MPEG-pDHA hydrogel
chains to relax to their equilibrium state following injection at the
seroma site. Rapid relaxation times help ensure that a biomaterial
rapidly reverts to its equilibrium state, and subsequently reduce
the number of variables that can influence the performance of
a therapeutic hydrogel in vivo. The MPEG-pDHA gels display
rapid relaxation times (250-350 s), which also increase with in-
creasing pDHA chain length and entanglement density (Table 1)
(44). Materials and Methods includes the equations that were used
to calculate the MPEG-pDHA hydrogel relaxation times. The
complete set of chain relaxation data is provided in SI Text.

Two important characteristics for new biomaterials are the
rate of degradation and the composition of the degradation prod-
ucts. The in vitro degradation studies performed on the MPEG-
pDHA block copolymers indicate that degradation rates are sur-
prisingly rapid for a polycarbonate and decrease with increasing
pDHA block M, but all copolymers degrade to completion in 24 h
(Fig. 34). Figure 3B is a characteristic 'H NMR of the block co-
polymer degradation products, which shows that the soluble poly-
mer degradation products are MPEG, monomeric DHA, and
presumably CO, (CO, is a common byproduct of polycarbonate
degradation) (45, 46). As a reference, SI Text includes "H NMRs of
neat MPEG and DHA, respectively. A comParison of Fig. 3 and the
corresponding SI Text figure shows that the "'H NMR peaks overlap,
indicating that the degradation products of MPEG-pDHA are
MPEG and monomeric DHA.

Following the rheological and degradation characterization
of MPEG-pDHA, we evaluated how the hydrogel performed in
a potential surgical application, the prevention of postoperative
seroma. A well-established rat mastectomy model was used to
determine the efficacy of MPEG-pDHA, and to allow direct com-
parison with the literature (28). As shown in Fig. 4, the untreated
controls displayed a mean seroma volume of 2.28 + 0.55 mL,
whereas MPEG-pDHA 5,000- to 3,000-treated rats displayed
a significantly decreased mean seroma volume of 0.044 + 0.017
mL (P < 0.01). Interestingly, MPEG-pDHA 5,000- to 5,000- and
5,000- to 7,000-treated rats displayed a mean seroma volume of
2.53+0.70 (P = 0.8) and 1.93 + 0.60 (P = 0.2), respectively, which
is statistically equivalent to the untreated control animals. Post-

Summary of MPEG-pDHA gel swelling characteristics, cross-link density, and chain

Entanglement density
-3

Sample MPEG-pDHA Weight gain swelling, % v, m Relaxation time 1, s
5,000-3,000 587.5 + 18.3 4.96e24 250
5,000-5,000 513.1 + 12.2 1.48e25 250
5,000-7,000 396.0 + 22.3 3.25e25 350

Increasing the pDHA chain length reduces the extent of swelling and increases the hydrogel cross-link density

and relaxation time.
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Fig. 1.

mortem examination of animals treated with MPEG-pDHA
5,000-3,000 showed gross fibrinous adhesions between the ele-
vated skin flap and chest wall, whereas no adhesions were evident
in the other treatment or control groups. In vivo degradation of
the polymer was confirmed by the absence of residual polymer
(all three compositions) upon histological examination of excised
tissue from the wound bed at 7 days after application. At day 1
postsurgery, residual MPEG-pDHA was evident (SI Text), sug-
gesting the in vivo rate of degradation is slower than observed in

SEMs of lyophilized MPEG-pDHA gels. (A) 5,000-3,000. (B) 5,000-5,000.

(C) 5,000-7,000. Increasing the pDHA chain length reduces the hydrogel porosity.

vitro; however, no residual polymer was visualized on day 3
(SI Text).

To make a correlation between antiseroma efficacy and the
polymer structure, we conducted three mechanism-oriented ex-
periments. First, we degraded MPEG-pDHA 5,000-3,000 in wa-
ter into oligomeric products to ascertain whether the polymer
degradation products were a causative factor in seroma preven-
tion. As shown in Fig. 4, hydrolyzed MPEG-pDHA was in-
effective, suggesting the full-length polymer upon administration
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(A) Viscosity readings show the MPEG-pDHA hydrogel thixotropic behavior (1% strain, 28 °C). (B) An example of MPEG-pDHA 5,000-5,000 extruded

from a 26-gauge needle. (C) G’ and G” readings as obtained from frequency sweep experiments on the MPEG-pDHA gels (1% strain, 28 °C).
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Fig. 3. (A) Kinetics of weight loss of MPEG-pDHA hydrogels in water show

100% degradation within 1 day. (B) '"H NMR of hydrolyzed MPEG-pDHA prod-
ucts in D,0, indicate that the end products are MPEG and monomeric DHA.

is necessary for antiseroma activity. Second, the MPEG-pDHA
hydrogel was hydrated in the presence of a twofold mole excess of
lysine (relative to C2 carbonyl groups) to determine whether the
C2 carbonyl reactivity with the primary amines in the tissue was
necessary for antiseroma activity. The lysine was added to occupy
the C2 carbonyl groups; therefore, if C2 reactivity with the amines
in the tissue is necessary for activity, the lysine-hydrated formu-
lation should be less active. As shown in Fig. 4, although the
lysine-hydrated formulation showed a reduced seroma volume,
the reduction was statistically equivalent to the control, suggesting
that the reactivity of the C2 carbonyl takes part in preventing
seroma. Third, to determine if MPEG-pDHA initiated the clot-
ting cascade to facilitate tissue integration, we measured the effect
of the polymer on prothrombin time (PT) and partial thrombo-

mnn
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&
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Average seroma volume (mlL)
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Fig. 4. Seroma volumes from a rat mastectomy model. The untreated
controls displayed a mean seroma volume of 2.28 + 0.55 mL (n = 6). MPEG-
pDHA 5,000- to 3,000-treated rats displayed a mean seroma volume of
0.044 + 0.017 mL (n =9, P < 0.01). MPEG-pDHA 5,000- to 5,000-treated rats
displayed a mean seroma volume of 2.53 + 0.70 (n = 8). MPEG-pDHA 5,000-
to 7,000-treated rats had a mean seroma volume of 1.93 + 0.60 (n = 8).
Treatment with both hydrolyzed and lysine-treated MPEG-pDHA did not
result in statistically significant reduction in seroma volume relative to un-
treated control (2.6 + 1.16, n = 6, and 1.41 + 0.63, n = 6, respectively).

Zawaneh et al.

plastin time (PTT). The findings, reported in a study that focuses
on the hemostatic capabilities of MPEG-pDHA, show that bio-
material has no effect on PT and PTT, suggesting that activation
of the clotting cascade is not a factor in seroma prevention (47).

With respect to biocompatibility, there was normal-appearing
early granulation tissue and a mild inflammatory response that
was equal to untreated control animals (Fig. 5). These findings
suggest that MPEG-pDHA and its degradation products are well
tolerated by the soft tissue surrounding the wound bed and do not
negatively impact the normal sequence of early wound healing.

Collectively, these data demonstrate MPEG-pDHA’s potential
as a highly effective surgical biomaterial. Given its ease of delivery
(injection), compatibility with living tissue, and in vivo efficacy,
MPEG-pDHA may hold significant clinical utility for the pre-
vention or treatment of postoperative seroma.

Materials and Methods

Materials. MPEG (M,, 5000) was purchased from Polysciences. Before use,
MPEG was dried by azeotropic distillation in toluene. DHA, p-toluene sul-
fonic acid, trimethyl orthoformate, Sn(Oct),, ethyl chloroformate, and 5%
phosphotungstic acid were purchased from Sigma-Aldrich and used as re-
ceived. Triethylamine, tetrahydrofuran (THF), dichloromethane (CH,Cl,),
diethyl ether, methanol, toluene, and TFA were purchased from VWR and
used as received. Syringes and PBS (pH 7.4) were purchased from Fisher
Scientific. Collagen was purchased from MP Biomedicals.

Equipment. "H NMR spectra were recorded on a Mercury 300 spectrometer.
Gel permeation chromatography (GPC) was carried out using PSS SDV col-
umns 500A, 50A, and linear M (in series) with a THF mobile phase (1 mL/min)
and polystyrene standards with UV (Waters 486) and Rl (Waters 2410) de-
tection. Rheology measurements were performed using a Physica Modular
Compact 300 Rheometer. Scanning electron microscopy measurements were
performed using the Leica 440.

Polymer Synthesis. Poly(MPEG-b-2-oxypropylene carbonate) (VII; MPEG-
pDHA) was synthesized using a previously published protocol developed in
our lab (30). Briefly, dihydroxyacetone dimer (Il) was locked in its monomeric
form by conversion of its C2 carbonyl group into a dimethoxy acetal using
trimethyl-orthoformate and p-toluenesulfonic acid (lll). This was then con-
verted to a six-membered cyclic carbonate (IV). IV was polymerized using Sn
(Oct), in the presence of monomethoxy poly(ethylene glycol) (MPEG) to
form VI. The molecular weight of the MPEG was fixed at 5,000, whereas the
molecular weight of the DHA-based polymer chain was varied depending on
the reactant feed ratios and the Sn(Oct), injection conditions (molecular
weights of 3,000, 5,000, 7,000, and 10,000 were synthesized). This polymer
was subsequently deprotected using a TFA water mixture (4:1) to produce
the desired polymer, MPEG-pDHA (VII). The amount of TFA water needed to
deprotect the polymer depended on the length of the pDHA-based seg-
ment. S/ Text summarizes the polymerization conditions used to synthesize
each molecular weight. The reaction scheme is also shown in S/ Text. MPEG-
pDHA "H NMR (DMSO-dg) 5: 5.00 (s; 4H), 3.50 (s; 4H), 3.24 (s; 3H).

Hydrogel Characterization. The swelling degree was obtained by hydrating
30 mg of each MPEG-pDHA molecular weight (n = 4) in 1.0 mL of PBS at
room temperature. The gels were allowed to sit for ~4 min on a filter paper
to drain the excess PBS. The gels were weighed to obtain the swollen weight
(W), then lyophilized and weighed again to obtain the dry weight (Wy).
Swelling degree was calculated using Eq. 1 (48):

swelling degree (%) = (Ws/Wd)+100 1]

Rheological tests were performed using a Physica Modular Compact 300 using
parallel plate geometry (8-mm diameter parallel plate). Data were recorded
using US200 software and analyzed using an Excel spreadsheet. All experi-
ments were performed at 28 °C and 37 °C. The viscoelastic properties of the
gels were determined by performing frequency sweep experiments in the
oscillatory mode with a 1% strain amplitude and frequency range of 0.1 to
100 1/s. Step-stain experiments, with a 1% strain, were performed to de-
termine the stress relaxation of the gels.

Entanglement density was calculated using the plateau storage modulus,
G (the maximum G’ where G'/G” > 1) (49, 50). Using Eq. 2:

PNAS | June 15,2010 | vol. 107 | no.24 | 11017

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0811529107/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0811529107/-/DCSupplemental/sapp.pdf

PNAS

Fig. 5. Light microscopic appearance of surgical sites at 7 days. (A) control. (B) MPEG-pDHA 5,000-3,000. (C) MPEG-pDHA 5,000-5,000. (D) MPEG-pDHA 5,000~
7,000. The sections show early granulation tissue adjacent to surgical site, which is the clear space at the bottom of all images. (Magnification: H&E stain, 100x).

G, = vkT, [2]

where Ge is the plateau G’, v is the entanglement density (m~3), k is the
Boltzman constant (kg-m2~s’2~K’1), and T is the temperature (K).

Calculation of the chain relaxation time (r) was obtained my measuring
the relaxation modulus [G(t)] following a small step strain (as shown in S/
Text). Using Eq. 3 (49, 50),

G(t) = G(r)exp"/T, [3]

where G(t) is the relaxation modulus (Pa), G(t) is constant (Pa), t is time (s),
and 1 is the chain relaxation time (s).
Differentiating and rearranging Eq. 3 yields:

L

(G ()] = Gexp~¥ (1 -2) [4]

Using Eq. 4, a plot of tG(t) vs. t yields a plot with a maximum at t = t, which is
the chain relaxation time (z).

Hydrolytic Degradation. In vitro degradation studies were performed on
MPEG-pDHA 5,000-3,000, 5,000-5,000, and 5,000-7,000. The polymer sam-
ples were weighed out into 20-mg samples and placed in 1.0 mL PBS
(pH 7.4), 1.5-mL Eppendorf tubes. The samples were placed on an orbital
shaker and incubated at 37 °C. Samples were recovered for each polymer at
the selected time points (n = 3). The samples were recovered, washed with
DI water, lyophilized, and reweighed. Degradation products from fully de-
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graded samples were characterized by "H NMR. "H NMR (D,0) DHA &: 4.40
(s; 4H), 3.55 (s; 6H). '"H MPEG (D,0) DHA &: 3.70 (s; 4H).

Antiseroma Efficacy. To evaluate the efficacy of the polymer gels, each MPEG-
pDHA-based gel was evaluated in a well-established rat model of seroma
formation (23). Briefly, following a midline incision, a skin flap was raised
over the right chest, exposing the right pectorals major muscle, which was
then excised. A right axillary lymphadenctomy was then performed under an
operating microscope. The fully hydrated hydrogel was prepared freshly to
full hydration by mixing 100 mg of lyophilized MPEG-pDHA powder with
sterile saline over filter paper. Experimental rats received 0.5 mL of MPEG-
pDHA hydrogel into the wound bed before closure, and controls received
0.5 mL of saline into the wound bed before closure.

Animals were killed on postoperative day 7 by carbon dioxide asphyxiation
followed by cervical dislocation as per institutional guidelines approved
for this investigation. Seroma fluid was aspirated percutaneously via an
18-gauge needle and measured volumetrically. The incision site was then
opened, and any remaining seroma fluid was removed by needle aspiration.
To determine in vivo biocompatibility of the polymer, sections of the skin flap
and the underlying wound bed were removed en bloc and analyzed histo-
logically (H+E stain) for evidence of residual polymer and inflammation in the
area of application. A Student two-tailed t test with unequal variance was
performed to determine the P value (x = 0.05).
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