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ABSTRACT: Tetracarboxy porphyrins can be polymerized
with polyethylene glycol (PEG) diamines to generate
hydrogels with intense, near-infrared, and transdermal
fluorescence following subcutaneous implantation. Here, we
show that the high density porphyrins of the preformed
polymer can be chelated with tin via simple incubation. Tin
porphyrin hydrogels exhibited increasing emission intensities,
ratios, and lifetimes from pH 1 to 10. Tin porphyrin hydrogel
emission was strongly reversible and pH responsiveness was
observed in the physiological range between pH 6 and pH 8.
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pH-sensitive emission was detected via noninvasive transdermal fluorescence imaging in vivo following subcutaneous

implantation in mice.

B INTRODUCTION

Hydrogels are three-dimensional, hydrophilic polymers with a
range of potential applications in tissue engineering, drug
delivery and biosensing." Frequently, hydrogel biosensors aim
to provide a fluorescent output that responds to the presence of
chemicals based on changes induced by hydrogel swelling, or by
interaction of analytes with encapsulated dyes.” Numerous
detection dyes have been immobilized in hydrogel scaffolds for
in vivo monitoring of oxygen,3’4 glucose,s_7 pH,8 and even
cancer cells.”

The pH of physiological fluid plays a critical role in
biochemical function. Different body fluids have different pH
levels.'” Metabolic disorders'' and brain tissue damages'” have
been proposed to be diagnosed by unusual pH. Abnormal
intracellular pH has been associated with inappropriate cellular
functions, which may be implicated to cancers'” and
Alzheimer’s disease."*

A diversity of molecules can report changes in pH via
changes in optical absorption or fluorescence.'” Several
fluorescent dyes have been reOPorted as pH-sensitive optical
sensors, such as fluorescein,'>'” carbazolyl-pyridinyl conju-
gate,18 carbon nanodots,'”® IR or NIR BODIPY dyes,20 and
silver nanoclusters.”’

Porphyrins and related molecules have useful characteristics
for theranostic applications.””~>° Polyethylene glycol (PEG) is
known to modulate in vivo behavior of tetrapyrroles.”*” We
previously found that hydrogels could be formed with PEG
diamines cross-linked with meso-tetra(4-carboxyphenyl)-
porphine (mTCPP) to enable transdermal fluorescence guided
hydrogel tracking and surgical resection.”® These bright
hydrogels have extreme dye density (5 mM) with minimal
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self-quenching, due the three-dimensional spatial confinement
within a PEG mesh. By using the Pd version of mTCPP (Pd
mTCPP), the resulting hydrogels had luminescence that
decreased at higher oxygen concentrations, thereby creating a
biosensor that could be implanted in mice and detect
subcutaneous oxygen changes via transdermal phosphorescence
imaging.

Tin porphyrins have been shown in many circumstances to
exhibit pH dependent optical properties. SnCl,-tetraphenyl
porphyrin (similar to the free base porphyrin monomer used in
porphyrin-PEG hydrogels) has a pH-dependent fluorescence
emission that increases from pH 2 to pH 10.° SnCl,-
tetraphenyl porphyrin membranes demonstrated pH respon-
siveness.”” Tonic SnCl, porphyrins have also been shown to
have fluorescence properties that depend on pH.”' The
fluorescence of tetrapyridyl and tetramethylpyridinium tin
porphyrins in solution depends on pH.”> Based on these
observations, we hypothesized that tin could be chelated into
the porphyrin-PEG hydrogels to confer pH sensitive
fluorescence for potential uses in biomedical applications.

B MATERIALS AND METHODS

Materials. Unless otherwise specified, reagents were obtained from
Sigma. Meso-tetra(4-carboxyphenyl) porphyrin (mTCPP) was
obtained from Frontier Scientific. Polyethylene glycol (PEG) 6000
was obtained from Rapp Polymere. O-(Benzotriazol-1-yl)-N,N,N’,N'-
tetramethyluronium hexafluorophosphate (HBTU) was obtained from
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Figure 1. Synthesis of tin-porphyrin-PEG hydrogels. (A) Synthesis of free base mTCPP hydrogel and subsequent tin chelation. (B) Kinetics of SnCl,
chelation. Data show mean =+ std dev for n = 3 separate chelation reactions. (C) Absorbance and (D) fluorescence spectra of 2H-mTCPP (black)
and SnCLMTCPP (red) hydrogels. (E) Scanning electron micrograph of a freeze-dried portion of SnClL,mTCPP hydrogel. A 1 ym scale bar is

shown.

Advanced ChemTech. N,N-Diisopropylethylamine (DIPEA) was
obtained from TCIL Tin(II) chloride dihydrate was obtained from
Alfa Aesar. ICR mice were ordered from Harlan Laboratories Inc. Reli
Black Nylon-monofilament Sutures (cat # N931) were obtained from
MYCO Medical.

mTCPP-PEG Hydrogel Synthesis. mTCPP, PEG-diamine, and
HBTU were dissolved separately in N,N-dimethylformamide (DMF)
to make 15, 30, and 60 mM stock solutions. Equal volumes of mTCPP
and HBTU stock solutions were mixed, and 26.6 L of this solution
was added to each well of a polypropylene 96-well plate. After adding 2
uL of 10% DIPEA in DMF, 13.4 uL of PEG-6K solution was added.
The total molar ratio of reactants were mTCPP/PEG-6K/HBTU =
1:2:4, which matches their stoichiometric ratio of the reactive groups.
After 30 min, excess DMF was added to stop the polymerization and
to remove unincorporated reactants.

Synthesis of SnCl,-meso-tetra(4-carboxyphenyl)porphine
(Sn-mTCPP). The synthetic procedure was based on that reported
by Manke et al.>* Briefly, 200 mg of mTCPP (0.25 mM) was mixed
with 113 mg SnCl,-2H,0 (0.50 mM) under nitrogen. A total of S mL
of anhydrous pyridine was added to the system, and the solution was
heated to refluxed for 2 h in the dark. After cooling, 30 mL diethyl
ether was added and stirred at 4 °C in the dark for 12 h. Purple
precipitates were collected by filtration and washed with ether,
CH,Cl,, water, and ether again. The final product was dried in the
vacuo. Yield was 72.1% (178.6 mg). MALDI-MS: m/z = 908 ([M —
2CI]%), 943 ([M — CI]*). '"H NMR (300 MHz, DMSO-dy): 13.30 (s,
4H, O-H), 927 (s, 8H, pyrrole-H), 8.44—8.39 (d, *J = 16H, ortho-H
and meta-H) ppm, as shown in Figure S1.

Chelation of Tin into Preformed mTCPP-PEG Hydrogels. A
total of 120 mg of SnCl,-2H,0 was mixed with 24 hydrogel pucks in
anhydrous pyridine. The reaction proceeded for 3 h under nitrogen.
Then hydrogels were then washed in DMF and water to remove
pyridine and unreacted SnCl,.

To study the kinetics of tin chelation into the hydrogel, a standard
curve was made with different ratios of SnCl,mTCPP/mTCPP
ranging from O to 100%. Then the mixture was polymerized to
hydrogels as the same procedure as mTCPP hydrogel synthesis. After
the synthesis, fluorescent intensities of hydrogels were tested with
TECAN Safire plate reader and the standard curve of fluorescent ratio
at 600 and 650 nm to SnClLmTCPP ratio. The standard curve was
shown as Figure S2 and R* = 0.99838. Then, mTCPP hydrogels were
post chelated with SnCl,-2H,0 and collected at 0, S, 60, 120, and 180
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min after the temperature reached 60 °C. Fluorescent spectra of the
hydrogels were scanned and the ratios of fluorescent intensities of
hydrogels at 600 and 650 nm were calculated and compared with the
standard curve.

Reversible pH Sensitivity of SnCl,mTCPP Hydrogels.
SnClL,mTCPP hydrogels were put in the well of 96-well plate and
fluorescent intensities at 600 nm were tested with plate reader. Then
200 pL of different pH 100 mM sodium phosphate solution was added
to the well and incubated for S min, then pH solutions were removed
and fluorescent signals were tested again.

For testing pH sensitivity of hydrogels, they were put in a 96-well
plate and treated with acidic or basic pH 100 mM sodium phosphate
solutions of indicated pH for 5 min alternately. Fluorescent intensities
at 600 nm (for SnCL,mTCPP hydrogels) or 650 nm (for 2H mTCPP)
were read by the plate reader, and alternating acidic and basic pH
solutions were added and fluorescent signals were read after each
incubation. Fetal bovine serum (FBS) was added to pH = 4 and 10
100 mM sodium phosphate solutions to make 10% FBS pH buffer.
The reversible curve was tested with the same procedure as the
experiments without FBS.

Fluorescence Lifetime Decay. Time-resolved photolumines-
cence decay traces were obtained by a Becker and Hickl Tau-130
time correlated single photon counting (TCSPC) setup. The setup
consisted of a vertically polarized pulsed diode laser (BDL 445 SMC)
emitting monochromatic radiation at 445 nm at 20 MHz repetition
rate. The hydrogel samples were placed on a glass slide inside a four
side quartz cuvette, and the cuvette was filled with corresponding
buffer solution in which hydrogel was kept in. The emission from the
hydrogel samples was collected at 90 deg from excitation beam and
focused into a polychromator coupled to a 16 channel photomultiplier
tube (PML 16C). Each channel corresponded to 12.5 nm in the
wavelength regime. All measurements were taken at magic-angle
conditions by putting a polarizer in the emission channel at 54.7° to
the polarization of the excitation beam. A 470 nm long-pass filter was
used to avoid scattering of excitation beam from the glass film. A
neutral density filter was placed in the excitation pathway to control
the intensity of the excitation pulses in such a way that the probability
of detection of a photon per excitation pulse was less than 0.01. The
decay traces for each sample were collected for 300 s over 4096 time
bins with a time resolution of 12.2 ps. Instrument response function
(IRF) was acquired by collecting scattered light by silica LUDOX
solution. At a laser gain of 20% and detector gain of 90%, the full width
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half-maximum (fwhm) of IRF was approximately 220 ps. The collected
decay traces were fitted by using Fluofit software by Picoquant.

TRPL decay traces were fitted by using multiexponential
reconvolution to eq 1:

I(t) = [t IRF(t') Zn:A,. exp(—%]dt’

i=1 i

(1)

where I(t) is the intensity of PL decay, IRF(#) is the instrument
response function and 4; is the amplitude of the lifetime component z;.
The decay profiles were fit with single or biexponential fits, whichever
produced a good fit. The goodness of fit was evaluated by distribution
of residuals (difference between raw and fit data) around zero and chi-
square values. Single and biexponential fits with corresponding chi-
square values for representative hydrogels are shown in Supporting
Information. Chi-square values between 0.9 and 1.2 were considered
as good fits. Intensity weighted average lifetime values (r) for
corresponding decay profiles were calculated according to eq 2:

) AiTiz

AT ()

Animal Experiments. Animal experiments were conducted in
compliance with University at Buffalo Institutional Animal Care and
Use Committee policy. To determine the control group through
fluorescent intensity, 85%Cu/15%2H, 90%Cu/10%2H, and 95%Cu/
5%2H mTCPP hydrogels were put in 96-well plate with SnClmTCPP
hydrogels, and the fluorescent photos were tested with an IVIS
imaging system with excitation at 640 nm and using the emission
signal with the CyS.S filter. Mice were anesthetized with 2% (v/v)
isoflurane in 100% oxygen carrier gas. Under deep anesthesia, two
small incisions were made on the back of mice, then SnCL,mTCPP
hydrogels and 95% Cu-mTCPP/5% 2H-mTCPP hydrogels were
implanted. The incisions were closed with sutures. Fluorescence
images of hydrogels were acquired with an IVIS system with mice
under isoflurane anesthesia. For pH-sensitive tests, 200 uL of pH = 4
and 10, 100 mM sodium phosphate solutions were injected
subcutaneously near the areas around hydrogels, and fluorescent
photos were scanned 1 h post-injection.

(1) =

B RESULTS AND DISCUSSION

Synthesis and Characterization of Tin Porphyrin-PEG
Hydrogels. Figure 1A shows the schematic of the synthesis of
freebase (2H) mTCPP hydrogels and subsequent chelation
with SnCl,. 2H-mTCPP hydrogels consist of a highly cross-
linked and high density porphyrin-PEG mesh. The polymer-
ization of 2H-mTCPP and PEG was carried out in DMF with
HBTU as the coupling condensation agent to form the
polyamide. The reaction completed within seconds after adding
DIPEA to initiate the reaction. The ratio of mTCPP/PEG/
HBTU was 1:2:4, which corresponds to the equimolar ratios of
functional groups of tetracarboxylic porphyrin, diamine PEG,
and the HBTU acid activator. The resulting hydrogels were
washed with DMF to remove the unincorporated reactants.

2H-mTCPP hydrogels were then mixed with SnCl,-2H,0 to
post-chelate SnCl, to the center of 2H-mTCPP. The post-
chelation process took 3 h at 60 °C in pyridine. After the
reaction, hydrogels were washed in DMF and then with water
several times to remove organic solvents and unreacted SnCl,
(FigurelA). The kinetics of the chelation process (Figure 1B)
was examined by comparing the fluorescence ratios of the
emission intensities at 600 and 650 nm of the reacted hydrogels
to a standard curve formed from hydrogels composed of
defined ratios of tin and 2H porphyrins (Figure S2). As shown
in Figure 1B, the chelation process reached a ~90% yield within
2 h. The absorbance and fluorescence spectra of mTCPP
hydrogels and SnCl,mT CPP post chelated hydrogels are shown
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in Figure 1C and D, respectively. After tin chelation, the
absorbance peak of hydrogels shifts subtly from 420 to 425 nm
and fluorescence emission blue shifts from 650 and 720 nm to
600 and 650 nm, resulting in a narrower Stokes shift.
Absorbance and fluorescence spectra of tin porphyrin hydrogels
were the same whether tin was chelated into preformed
hydrogels or whether tin-porphyrins were in the polymerization
reaction (Figure S3). Post-chelating tin into preformed freebase
hydrogels has the advantage that a single batch of porphyrin
hydrogels can be used for multiple applications and was the
approach used for this work. Scanning electron microscopy of
freeze-dried tin hydrogel is shown in Figure 1D, demonstrating
a disordered but highly interconnected SnCl,mTCPP-PEG
environment.

pH-Dependent Emission of SnCl,mTCPP Hydrogel.
Axial water molecules of tin(IV) porphyrins can lose protons to
yield a hydroxide-coordinated metal compounds to create pH-
responsive properties.”’ Tin-porphyrin-PEG hydrogels ex-
hibited pH-responsive properties. As shown in Figure 2A, in
low pH, fluorescence emission of the tin hydrogels was low. As
pH increased toward neutral, fluorescence emission intensities
increased. As pH became more basic, the fluorescence increased
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Figure 2. pH sensitivity of tin-porphyrin-PEG hydrogels. (A)
Fluorescence spectra of SnCL,mTCPP hydrogels in 100 mM sodium
phosphate solutions at indicated pH. (B) Ratio of SnClL,mTCPP
hydrogel fluorescence emission intensities at 600 and 650 nm. Data
show mean + std dev for n = 3 separate polymerization reactions and
purifications. (C) Fluorescence lifetime at 600 nm emission of
SnCl,mTCPP hydrogels in 100 mM sodium phosphate at indicated
pH.
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Figure 3. pH-responsive fluorescence reversibility of tin or free base porphyrin hydrogels. Fluorescence emission (normalized to initial emission after
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Figure 4. Sensitivity toward intermediate pH by tin-porphyrin-PEG hydrogels. Fluorescence emission (normalized to initial emission after
formation) of tin porphyrin-PEG hydrogels placed in 100 mM sodium phosphate solutions of (A) pH = 4, 7, and 10, (B) pH = S and 9, and (C) pH
= 6 and 8. (D) Fluorescence emission (normalized to initial emission after formation) of tin-porphyrin-PEG hydrogels placed in pH = 6.5 and 7.4
PBS buffer. Data show mean + std dev for n = 3 separate polymerization reactions.

to a higher level, almost 4-fold higher than at pH = 1. The ratio
of the hydrogel fluorescence at 600 and 650 nm offers a
quantitative way to gauge pH (Figure 2B). Free base porphyrin
hydrogels demonstrated some pH sensitivity (Figure S4),
however, this was only at very low pH (ie,, pH < 3) with little
physiological relevance. As shown in Figure 2C and Table S1
the average lifetime of tin hydrogels increased from (09 +
0.05) ns to (1.6 + 0.05) ns, consistent with steady-state
emission enhancement as pH increased from 1 to 10.
Reversibility of pH Responsiveness. The pH reversibility
of the hydrogels was assessed. As shown in Figure 3A,B, tin-
porphyrin-PEG hydrogels exhibited strong fluorescence rever-
sibility between pH = 4 and 10 solutions, even following a week
of storage. Such behavior was not observed at all in freebase
porphyrin hydrogels lacking tin. The pH reversibility was also
assessed in the presence of proteins, since these would be
encountered in potential in vivo applications. Based on Figure
3C,D, the SnCl,mTCPP hydrogels also possessed a similar
reversible emission pattern when incubated with 10% fetal
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bovine serum in pH = 4 and 10 solutions, while still no
reversible pattern was exhibited for hydrogels lacking tin.
Next, tin-porphyrin-PEG hydrogels were assessed for pH
responsiveness in more physiologically relevant, intermediate
pH ranges. As shown in Figure 4A, fluorescent signals from
hydrogels increased from acidic to basic conditions, and the
fluorescence at the neutral condition (pH = 7) formed the
middle position of the curve. The opposite curve was also
observed when pH lowered down from basic system to the
acidic circumstance. Then similar tests were performed with a
narrower pH range. As shown in Figure 4B,C, hydrogels
demonstrated similar reversibility under two pH pairs, pH = 5
and 9 and pH = 6 and 8, respectively. SnCl,mTCPP hydrogels
also demonstrated reversible emission with pH = 6.5 and 7.4
PBS buffer (Figure 4D), demonstrating the potential for pH
sensing in physiological relevant conditions. For example, the
pH of the extracellular fluid will affect several cellular activation
and is known to influence the wound healing process.”**
Therefore, a noninvasive and continuous sensor to monitor pH
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of subcutaneous extracellular fluid could conceivably help guide
certain medical treatments.

In Vivo pH Sensitivity. We next assessed tin-porphyrin-
PEG hydrogels for detection of pH changes in mice following
subcutaneous implantation. Previously, when investigating Pd-
porphyrin hydrogels with oxygen-responsive phosphorescence,
we blended nonfluorescent copper mTCPP with freebase
mTCPP to make an emission intensity matched control
hydrogel.’ In this manner, the two could be implanted
simultaneously for ratiometric imaging since only Pd porphyrin
hydrogels were oxygen responsive. To this same end, the
fluorescence intensities of hydrogels formed with varying ratios
of copper and freebase porphyrins were assessed and compared
to the SnCl,mTCPP hydrogels. As shown in Figure SA, 95:5
Cu/2H-mTCPP hydrogels generated similar fluorescence
intensity as SnClmTCPP hydrogels in vitro. Thus, 95:5 Cu-
mTCPP/2H-mTCPP hydrogels were coimplanted as a non-
responsive companion hydrogel. The hydrogels were implanted
subcutaneously on the dorsum of mice. Whole body
fluorescence imaging easily detected the hydrogels through
the skin of mice (Figure SB). Unexpectedly, in vivo the Cu/2H
companion hydrogel exhibited weaker emission relative to the
tin-porphyrin-PEG one but, nevertheless, could be used for
ratiometric applications. Following subcutaneous injection of a
pH = 4 phosphate solution, the fluorescence of the tin
hydrogels decreased, but the Cu/2H one remained constant
(Figure SB). For in vivo pH-responsivity, the changes in
fluorescence intensities were demonstrated as the variations of
the ratios of the tin to freebase hydrogels, pre- and post-
injection with pH = 4 and 10, 100 mM sodium phosphate
solutions. As shown in Figure SC,D, pH = 4 phosphate solution
decreased the emission of the tin hydrogel by about 20%, while
pH = 10 solutions increased the intensity about 30%, which
roughly matches in vitro the pH-responsive pattern.

Mice tolerated tin porphyrin hydrogel implantation and
imaging without incident. Tin and tin alloys have been used in
routine human life for thousands of years (e.g., in plates and
mugs) and are generally safe, whereas organotin compounds
containing C—Sn bonds (absent from the hydrogel) are toxic.>
A tin-chelated chlorin, tin etiopurpurin, has been used clinically
with intravenous injection for photodynamic therapy.’” Never-
theless, actual toxicity studies would be required to make any
conclusions about the safety of the tin porphyrin hydrogels.

H CONCLUSION

In this work, a pH-responsive hydrogel was generated by post-
chelating SnCl, into free base mTCPP hydrogels. This post-
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chelation process was simple and effective. Tin porphyrin
hydrogels provide a wide pH-responsive range and the
potential for quantifying pH of the surrounding environment.
The pH responsiveness was fully reversible in aqueous
environments and in the presence of biomolecules found in
serum. The tin porphyrin hydrogels, with extreme porphyrin
density, were bright enough for facile transdermal fluorescence
imaging following implantation and responded to changes in
pH in vivo. Future work will aim to develop injectable
hydrogels to avoid implantation surgery, to develop more
quantitative ratiometric approaches and to assess toxicity. We
conclude that tin porphyrin hydrogels hold potential for
noninvasive, long-term measurement of pH values inside the

body.
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