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ABSTRACT: We demonstrate that porphyrins can be used as
efficient cross-linkers to generate a new class of hydrogels with
enabling optical properties. Tetracarboxylic acid porphyrins
reacted with PEG diamines to form a condensation polyamide
in a range of appropriate conditions, with respect to reaction
time, diisopropylethylamine initiator concentration, porphyrin-
to-PEG ratio, porphyrin concentration, and PEG size. The
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network structure of the hydrogel maintained a porphyrin spacing that prevented excessive fluorescence self-quenching despite
high porphyrin density. The near-infrared properties readily enabled low background, noninvasive fluorescence monitoring of the
implanted hydrogel in vivo, as well as its image-guided surgical removal in real time using a low-cost fluorescence camera prototype.
Emission could be tuned by incorporating copper metalloporphyrins into the network. The approach of creating hydrogels using
cross-linking porphyrin comonomers creates opportunities for new polymer designs with strong optical character.

B INTRODUCTION

Hydrogels are hydrophilic and absorbent 3-D polymers that
have emerged as useful tools for applications in drug delivery,
tissue engineering, contact lenses, and implants.' > Implants can
be powerful drug delivery systems, with the capability of releasing
drugs over several years (e.g., for birth control).* Noninvasive
methods to easily monitor implant stability could benefit testing
and design of the material. Moreover, when implant removal is
required, noninvasive methods to locate the implant and even guide
the surgical removal of the implant could be useful. Fluorescence
imaging is an attractive technique for noninvasive monitoring
and image-guided surgery, but so far, there have been a few
examples of these applications with respect to implantable hydro-
gels. Hydrogels can be formed from a range of both natural and
synthetic polymers.> Even therapeutic agents themselves can be
used to form hydrogels.® Among synthetic constituents, poly-
ethylene glycol (PEG) is an attractive monomer for hydrogels,
given its favorable availability, biocompatibilty, and swelling
capacity.”® PEG hydrogels have been formed through a multi-
tude of polymerization routes including photoinduced radical
polymerization, ring-opening polymerization, click chemistry,
and star polymers, among others.”'* Porphyrins, which have
strong optical absorption, have been explored as cargo for hydro-
gels; however, loading efficiency has been limited, and 5passively
loaded porphyrins eventually migrate out of the gel.'>'® Por-
phyrins have also been characterized extensively in thin films;
however, these are generally not robust enough for in vivo
applications. Here we use porphyrins as cross-linkers using a
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rapid stepwise condensation copolymerization reaction between
PEG spacers with amine functionality of 2 and porphyrins with
acid functionality of 4. Thus, porphyrin-cross-linked hydrogels
have stable, alternating porphyrin and PEG subunits that gener-
ated substantial near-infrared optical character, permitting long-
term, noninvasive fluorescence monitoring and image-guided
surgical resection in vivo. This approach is unique in that
porphyrins are not passively conjugated to the system but rather
anchor and drive the formation of the 3-D network. Because the
porphyrins alternate with PEG spacers, a homogeneous spatial
density of porphyrins was achieved. While maintaining a high
porphyrin density, this spatial pattern prevented extensive por-
phyrin aggregation and fluorescence self-quenching, which can
occur during porphyrin conjugation to polymers (a phenomenon
that is sometimes used to design activatable photosensitizers and
porphyrin-based nanoparticles)."

B RESULTS AND DISCUSSION

To generate the hydrogel, we used meso-tetrakis(4-carboxyphenyl)
porphine (mTCPP) and a diamine-functionalized PEG spacer
(Figure 1a). We hypothesized that upon amide bond formation,
the PEG spacers and porphyrins would form an intercon-
nected 3-D matrix, as shown schematically in Figure 1b. mTCPP,
PEG-diamine, and the acid activator HBTU were combined in
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Figure 1. Porphyrin-cross-linked hydrogels. (a) Structures of mTCPP
(green) and PEG diamine (red). (b) Schematic of the hydrogel.

dimethylformamide (DMF) in a 1:2:4 ratio. These ratios were
equimolar with respect to the functionality of each component
because each of the four acid groups of mTCPP could be
activated with one HBTU and react with each of the two amine
groups on the connecting PEG linkers.

Upon addition of diisopropylethylamine (DIPEA), the acti-
vated acid groups of mTCPP reacted with the amine groups of
the PEG in situ (Figure 2a). This reaction occurred rapidly, and
complete gelation was apparent in seconds as the solution
converted to a thick solid gel that remained fully insoluble when
more solvent was added. Polymerization efficiency was assessed
by quantifying the total amount of unincorporated mTCPP that
washed out of a gel piece. Over 97% of the porphyrin polymer-
ized within 10 s of adding DIPEA to initiate the polymerization
(Figure 2b). At § s, gelation was markedly reduced, and almost no
gelation occurred 1 s after DIPEA addition. The infrared spectra
of the polymerized gel showed complete conversion of the acid
groups of mTCPP into amides (Figure 1 of the Supporting
Information). Thus, DIPEA activation of the porphyrin acid
groups and subsequent polymerization occurred in situ rapidly
with high efliciency. We next examined how the amount of
DIPEA added affected polymerization. Full polymerization was
observed with >0.2% DIPEA in the gel solution, which corre-
sponded to an approximately 2:1 molar ratio of DIPEA/mTCPP
(Figure 2c). Besides the activating conditions, the ratio of PEG
diamine to mT CPP played a role in polymerization efficiency. As
shown in Figure 2d, an optimal ratio occurred at 1:2 mTCPP-to-
PEG ratio, corresponding to four carboxylic acid groups for
each two amine groups on the PEG linkers. This represents an
equimolar functional group ratio. Polymerization was then
assessed as a function of porphyrin concentration (Figure 2e).
Below 2 mM porphyrin, there was a rapid decrease in hydro-
gelation efficiency, demonstrating that polymerization was sen-
sitive to concentration of the comonomers. As the porphyrin and
PEG density increased, less water could be absorbed into the
hydrogels (Figure 2f). Gels polymerized using 2 mM porphyrin
in the starting solution had a final water swelling ratio of 7000%,
whereas gels polymerized with S mM porphyrin concentration
had a water swelling ratio of 3000%. As expected, mTCPP
density (which was estimated based on the mass of the hydrogels
and using the density of water) was inversely proportional to
water swelling. Starting porphyrin concentration of 2 mM gen-
erated an mTCPP density of ~5 x 10"" mTCPP molecules per
cubic centimeter of swollen gel. When the starting porphyrin
concentration was increased to S mM, mTCPP density increased
to >16 x 10"" mTCPP molecules per cubic centimeter of swollen
gel. Given the sensitive polymerization conditions, the effect of
different length PEG diamine spacers was investigated. Porphyr-
in-anchored hydrogels polymerized effectively using the longer
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Figure 2. Characterization of hydrogel formation. (a) Photographs of
polymerization. Polymerization efficiencies, measured by % of mTCPP
covalently incorporated into solid polymer as function of (b) time after
DIPEA addition. (c) DIPEA concentration. (d) mTCPP to PEG molar
ratio. (e) mTCPP concentration. (f) Water swelling and porphyrin
density for varying starting porphyrin concentrations. (g) Polymeriza-
tion efficiency using PEG of indicated size. (h) Corresponding scanning
electron micrographs with 2 um scale bar shown. Unless otherwise
noted, gels were formed with a mTCPP/PEG(6 kDa)/HBTU ratio of
1:2:4. Error bars show mean &+ SD (n = 3).

10, 6, and 3 kDa PEG diamine linkers but not with the shorter 1
and 2 kDa linkers (Figure 2g). Because the total amine concen-
tration was constant with the different length PEG spacers, the
lack of full polymerization using shorter linkers suggests that
gelation required specific intermolecular spacing between func-
tional groups. The different length spacers generated hydrogels
with distinct surface character (Figure 2h).

As a typical tetrapyrrolic porphyrin, mTCPP has a major Soret
band absorbance around 405 nm and weak absorbance in the
red-shifted Q-bands. However, the Q-band absorbance is
relevant for in vivo imaging because shorter wavelength light is
rapidly attenuated in tissues. Despite the relatively low Q-band
absorption of mTCPP, the dense mTCPP spacing of the
porphyrin-anchored gels conferred strong absorption between
500 and 700 nm (Figure 3a). The gel was highly fluorescent, and
the emission had two primary peaks at 660 and 710 nm, with the
emission peaks shifting slightly depending on the environment of
the gel (Figure 3b, which shows the emission spectra in both the
aqueous in vivo environment and following polymerization in
DMF). The mTCPP remained stably incorporated in the
hydrogel when incubated at 37 °C in buffered saline, whereas
mTCPP passively incorporated in hydrogels of varying agarose

dx.doi.org/10.1021/bm200784s |Biomacromolecules XXXX, XXX, 000-000



Biomacromolecules

COMMUNICATION

b

DMF aqueous, in vivo

A 4
-
19

) ~—

1

@ ©
o
2 ]
s = 5075
270 o
5 &8 £
3E S 05
<E £
T d04 £
8

~ D,
_.? G025
<] S

o ™

475 500 525 550 575 600 625 650 675 700 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

[ Week® |~Week 8

removed

Figure 3. Noninvasive monitoring and image-guided surgical resection
of porphyrin-cross-linked hydrogel. (a) Q-band absorption spectrum of
a section of the hydrogel, 1 mm in depth. (b) Fluorescence emission
spectra of the hydrogel in DMF following polymerization and in vivo.
(c) Fluorescence images of a mouse with the hydrogel implanted
subcutaneously and monitored noninvasively. (d) Screen captures from
a fluorescence camera used to guide fluorescently the surgical removal of
the hydrogel in real time. Fluorescence was readily apparent transder-
mally (T.D.) or through the open incision, as indicated. (e) Fluores-
cence image of the mouse and hydrogel following image-guided surgical
hydrogel resection and incision suturing.

concentration leaked out over a period of 1 week (Figure 2 of
the Supporting Information). The near-infrared character permitted
the noninvasive fluorescence monitoring of a subcutaneously
implanted hydrogel in a mouse in vivo. Over a 2 month period
following implantation, the mouse displayed no adverse effects or
behavior, demonstrating the biocompatibility of the gel. Using an
optical imaging system, the fluorescence signal could be distin-
guished in vivo with essentially no background using only a 40 ms
camera exposure. Fluorescence imaging was performed weekly to
visualize noninvasively where the gel was located and whether
hydrogel degradation or photobleaching occurred (Figure 3c).
The appearance of a brighter outer ring in gel was caused by a
slightly uneven spatial distribution of the prepolymerized solu-
tion in the casting mold. During the monitoring period, non-
invasive fluorescence imaging demonstrated that the porphyrin-
anchored hydrogel maintained its form and placement in vivo.
The consistent fluorescence levels suggested there was minimal
fluorescence bleaching or hydrogel degradation during that time.
Therefore, the porphyrin-anchored hydrogel permitted the
noninvasive assessment of position, shape, and degradation. We
next used a fluorescence camera to guide the surgical removal of
the gels. This camera was equipped with 405 nm excitation light
emitting diodes and a 600 nm long-pass filter and functioned in
real-time (no long integrations) and was based on a standard
digital camera lacking a cooled CCD. The gel was readily
viewable using the camera. For better clarity, the images shown
in Figure 3d were uniformly enhanced based on the red channel
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Figure 4. Modulation of optical properties using metal substituted
porphyrins. (a) Schematic of Cu-mTCPP (nonfluorescent) in mTCPP
hydrogel. (b) Optical imaging of water-equilibrated mTCPP hydrogels
containing 0, 25, 50, 75, and 100% Cu-mTCPP. (c) Quantification of gel
fluorescence intensity. Error bars show mean £ SD (n = 3).

of the images, and in the future, such an image processing
algorithm could be directly integrated into the camera hardware
or software. A movie of the surgical procedure is available in the
supporting materials. Using the display screen of the camera,
surgery was performed and was greatly facilitated because the
position of the gel was known at all times using the images on the
camera. Following surgical resection, the incisions were sutured
closed, and the mouse was imaged again using the standard
imager (Figure 3e). No residual fluorescence was detected in the
mouse, and the bright hydrogel fluorescence of the removed gel
was easily recognized.

When mTCPP chelates copper, fluorescence generation is
quenched. We hypothesized that copper porphyrin could be
stably titrated into the hydrogel, resulting in an organometallic
framework with modified fluorescence properties. Figure 4a
shows a schematic depiction of a hydrogel in which some of
the mTCPP porphyrin anchors are substituted with copper-
chelated mTCPP (Cu-mTCPP). Using a slightly modified
polymerization protocol, a series of hydrogels were formed with
increasing amount of Cu-mTCPP and examined using fluores-
cence imaging (Figure 4b). The hydrogels formed from only
mTCPP were fluorescent, but because Cu-mTCPP was titrated
into the gel, the fluorescence generation was attenuated. Quan-
tification of the fluorescence intensities of the gels revealed a
nonlinear relationship between the amount of quenching and the
Cu-mTCPP concentration, suggesting that Cu-mTCPP could
dynamically quench other mTCPP moieties in the 3-D network
(Figure 4c). The Cu-mTCPP hydrogels were biocompatible and
maintained their fluorescence quenching in vivo (Figure 3 of the
Supporting Information). Tuning of hydrogel properties using
metal chelation could have a variety of applications. For instance,
because it is fluorescently quenched, near-infrared light energy
absorbed by the Cu-mTCPP network would be expected to be
more efficiently converted to heat, which could have future
applications for heat-activated drug release. Whereas the por-
phyrin-cross-linked hydrogel fluorescence was used to monitor
location, shape, and degradation and to guide surgery, future

dx.doi.org/10.1021/bm200784s |Biomacromolecules XXXX, XXX, 000-000



Biomacromolecules

COMMUNICATION

work could use the optical properties of the gel for other interesting
applications. For instance, if certain drugs affected the fluores-
cence properties of the hydrogel, they could be used to monitor
drug release noninvasively. Alternatively, the hydrogel could be
used to measure oxygen concentration by using platinum por-
phyrins, which are known to be effective oxygen sensors.”® Apart
from optical applications, other potential uses include using the
metalloporphyrin hydrogel for catalytic purposes because me-
talloporphyrins are known to be excellent oxidation catalysts.*"

In summary, we have used porphyrins to generate a new class
of optically active hydrogels. mTCPP was as an effective cross-
linking comonomer for PEG diamines, which rapidly formed
stable, condensation polyamide hydrogels. The high porphyrin
density and near-infrared character permitted noninvasive mon-
itoring, and the implanted hydrogels were stable in mice with
minimal change in position, shape, or significant bleaching or
degradation over a 2 month period. The high fluorescence of the
hydrogel also permitted real-time, image-guided surgical resec-
tion of the hydrogel in vivo using an affordable prototype
fluorescence camera. Optical properties were modulated when
nonfluorescent metalloporphyrins were used in the gel. The
approach of using porphyrins as polymer comonomers could be
extended to generate new optical polymers using different types
of linkers.

B ASSOCIATED CONTENT

© Supporting Information. Full experimental methods,
FTIR spectra, and a video clip demonstrating the image-guided
surgical hydrogel resection. This material is available free of
charge via the Internet at http://pubs.acs.org.
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