Received: 1 December 2018

Revised: 26 February 2019

Accepted: 6 March 2019

DOI: 10.1002/mrm.27753

RAPID COMMUNICATION

Magnetic Resonance in Medicine

Free-base porphyrins as CEST MRI contrast agents with highly
upfield shifted labile protons

Xiaoxiao Zhang'~ | Yaping Yuan"* | ShaLi'? | Qingbin Zeng"* | Qianni Guo'?

Na Liu” | Minghui Yang"?

| Yunhuang Yangl’2 | Maili Liu? |

Michael T. McMahon®* | Xin Zhou'?

'Key Laboratory of Magnetic Resonance in Biological Systems, State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, National

Center for Magnetic Resonance in Wuhan, Collaborative Innovation Center of Chemistry for Life Sciences, Wuhan Institute of Physics and Mathematics-
Wuhan National Laboratory for Optoelectronics, Chinese Academy of Sciences, Wuhan, People’s Republic of China

2University of Chinese Academy of Sciences, Beijing, People’s Republic of China

3The Russell H. Morgan Department of Radiology, The Johns Hopkins University School of Medicine, Baltimore, Maryland

‘FM. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore, Maryland

Correspondence

Xin Zhou, Wuhan Institute of Physics

and Mathematics, Chinese Academy of
Sciences, 30 West Xiaohongshan, Wuhan,
430071, People’s Republic of China.
Email: xinzhou@wipm.ac.cn

Funding information

Supported by National Natural Science
Foundation of China (grants 81625011,
81227902), National Key R&D Program

of China (grants 2016 YFC1304700 and
2017YFA0505400), and Key Research
Program of Frontier Sciences, CAS (grant
QYZDY-SSW-SLHO18). x.z. acknowledges
support from the National Program for
Support of Eminent Professionals (National
Program for Support of Top-notch Young
Professionals). M.T.M. was supported in
part by National Institutes of Health (grant
P41EB024495).

Purpose: CEST has become a preeminent technology for the rapid detection and
grading of tumors, securing its widespread use in both laboratory and clinical
research. However, many existing CEST MRI agents exhibit a sensitivity limitation
due to small chemical shifts between their exchangeable protons and water. We pro-
pose a new group of CEST MRI agents, free-base porphyrins and chlorin, with large
exchangeable proton chemical shifts from water for enhanced detection.

Methods: To test these newly identified CEST agents, we acquired a series of
Z-spectra at multiple pH values and saturation field strengths to determine their
CEST properties. The data were analyzed using the quantifying exchange using satu-
ration power method to quantify exchange rates. After identifying several promising
candidates, a porphyrin solution was injected into tumor-bearing mice, and MR
images were acquired to assess detection feasibility in vivo.

Results: Based on the Z-spectra, the inner nitrogen protons in free-base porphy-
rins and chlorin resonate from —8 to —13.5 ppm from water, far shifted from the
majority of endogenous metabolites (0-4 ppm) and Nuclear Overhauser enhance-
ments (—1 to —3.5 ppm) and far removed from the salicylates, imidazoles, and
anthranillates (5-12 ppm). The exchange rates are sufficiently slow to intermediate
(500-9000 s_]) to allow robust detection and were sensitive to substituents on the
porphyrin ring.

Conclusion: These results highlight the capabilities of free-base porphyrins and
chlorin as highly upfield CEST MRI agents and provide a new scaffold that can be
integrated into a variety of diagnostic or theranostic agents for biomedical

applications.
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1 | INTRODUCTION
MRI is a uniquely valuable tool for visualizing soft tissue
with high spatial and temporal resolution. In the clinic,
MRI contrast agents are in routine use for detecting lesions
based on highlighting tissue through altering the T, or T,
MR relaxation times of water."” CEST contrast agents
represent an attractive alternative because these agents do
not require inclusion of heavy metals and can instead pro-
vide contrast using exchangeable protons on metabolites
or other organic diamagnetic molecules.’® Molecules that
produce CEST contrast include a number of natural biomol-
ecules, which suggest that biochemical pathways should be
detectable using this contrast mechanism. Indeed, a num-
ber of biomolecules have been reported over the past few
years. Elegant examples of diamagnetic CEST (diaCEST)
agents include glucose,7’8 myo-inositol,g’lo glutamate,”’12
Cr,” L-arginine,m’15 glycosaminoglycans,m protamine,
glycogen,'® and glycoproteins.'? Critical to the success of
CEST imaging is selective irradiation of the labile protons
while avoiding perturbation of bulk water signal and pro-
tons found in tissue. However, exchangeable protons of the
aforementioned metabolites fall within 4 ppm from bulk
water, which limit the use of selective saturation pulses
and increase background signal. Further shifted protons for
enhanced CEST contrast on lower field scanners can
be found on molecules such as barbituric acid,20 iopa-
midol,>'* and several thymidine analogues.%25 More
recently, significant progress was made by employing the
intramolecular bond—shifted hydrogens principlce.26'30 A
number of anthranilates, imidazole-4,5 dicarboxyamides,
and salicylates show strong CEST contrast properties, with
labile protons resonating up to 12 ppm from water. Despite
these promising advances, the development of diaCEST
agents with the highly upfield shifted protons, which pres-
ents sensitivity advantages that also are well tolerated after
administration, remains elusive.

Herein, we show that several properly substituted free-
base porphyrins and a chlorin possess two protons that res-
onate at a remarkable —9 to —13.5 ppm from water. These
CEST peaks are shifted well outside of the range of other
known labile protons, and exchange rates are sufficiently
slow to intermediate on the NMR timescale, making these
agents well suited for CEST imaging. As far as we are aware,
no other diamagnetic CEST agent has been reported at such
low frequencies. Based on this finding, we evaluate the feasi-
bility of visualizing a water-soluble porphyrin in mice bear-
ing A549 cell-derived xenografts.

17

2 | METHODS
Phantom preparation: d-aminolevulinic acid, porphobilino-
gen, uroporphyrin I, coproporphyrin I, and protoporphyrin
IX were purchased from Sigma Aldrich (St. Louis, MO).
Tetraphenylporphine sulfonate (TPPS,); 5, 10, 15, 20-
tetrakis (4-carboxyphenyl) porphyrin (TCPP); and chlorin e6
were purchased from J&K Scientific Ltd (Beijing, China).
Hematoporphyrin were purchased from Binhai Hanhong
Biochemical Co., Ltd (Shanghai, China). Metal salts were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). 5, 10, 15, 20-tetrakis(4-p-glucosylphe-
nyl) porphyrin was synthesized according to a previous
report.31 All samples were dissolved in 0.01 M phosphate-
buffered saline at the desired concentrations and then titrated
using high concentration HCI/NaOH to the desired pH val-
ues. The solutions were placed into 1 mm glass capillar-
ies and assembled in a holder for CEST MR imaging. The
samples were kept in 37 °C during imaging. Phantom CEST
experiments were taken on a Bruker 9.4 Tesla vertical MR
scanner (Bruker Avance 400, Ettlingen, Germany), using a
25 mm birdcage transmit/receive coil. CEST images were
acquired using a rapid acquisition with relaxation enhance-
ment (rapid acquisition with relaxation enhancement factor
= 8) sequence with continuous wave saturation pulse length
of 3 seconds and saturation field strength (@) from 1.2 pT to
14.4 uT. The CEST Z-spectra were acquired by incrementing
saturation frequency every 0.25 ppm from —16 to 16 ppm for
phantoms; TR = 8 s, effective TE = 5.1 ms, matrix size =
128 * 96, and slice thickness = 3 mm. Water saturation shift
referencing images were also acquired using 0.5 s continuous
wave saturation pulse with field strength of 0.5 uT and satu-
ration frequency from —1.6 ppm to 1.6 ppm with 23 scans.
Cell culture and cancer model: A549s, non-small-cell
lung cancer cells, were purchased from the cell bank of
Chinese Academy of Sciences (Shanghai, China). The tumor
cells were cultured in Iscove’s Modified Dulbecco’s Medium
(Boster, Wuhan, China), supplemented with 10% fetal bovine
serum (Boster, Wuhan, China), 100 U/mL penicillin (Boster,
Wuhan, China), and 100 U/mL streptomycin (Boster, Wuhan,
China) in a humidified air with 5% CO, at 37°C. BALB/c
male nude mice (aged 5-6 weeks, approximately 20 g) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The mice were inoc-
ulated subcutaneously with A549 cells (1 * 10° cells of each)
on the legs and used for MRI after 3 weeks breeding.
Animal imaging: Animal experiments were carried out in
accordance with the guidelines provided and approved by the
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institutional review board of the Wuhan Institute of Physics
and Mathematics (Wuhan, People’s Republic of China),
Chinese Academy of Sciences. For MRI, BALB/c mice bear-
ing A549-derived xenografts were anesthetized by using
0.5% to 2% isoflurane and placed in a 25 mm transmit/receive
mouse coil. Breath rate was monitored throughout in vivo
MRI experiments using a respiratory probe. A 50 pL. volume
of a0.1 M TPPS, solution (deionized water, pH 7) was slowly
injected via a catheter into the tumor. In vivo images were
acquired on a Bruker 9.4 Tesla vertical MR scanner (Bruker
Avance 400), with 1 axial slice (2 mm thick) acquired near the
center of the tumor. CEST images were collected both pre-
and postinjection. Image parameters were similar to those for
the phantom, except for TR/TE = 5 /6.4 ms, with optimized
w; = 5.4 pT. Water saturation shift referencing images were
also acquired using 0.5 s continuous wave saturation pulse
with field strength of 0.5 uT and saturation frequency from
—1.6 ppm to 1.6 ppm. A 105-offset Z-spectrum (15 ppm to
—15 ppm) was acquired using a saturation field strength of 3.6
pT. For the dynamic CEST contrast measurements, a series of
whole Z-spectra and water saturation shift referencing exper-
iments were acquired after injection.

Postprocessing: All postprocessing was performed using
in-house written MatLab (Matlab R2014a, MathWorks,
Natick, MA) scripts. CEST contrast was quantified in the
images using:

MTR

asym = [S(+A®) —S(—Aw)] /S(+Aw). (1)

S(—Aw) and S(+Aw) refer to the water signal intensity
with a saturation pulse applied at the frequencies —Aw@ and
+Aw, respectively. This definition is the reverse of that con-
ventionally used by diaCEST studies due to the location of
the protons of the porphyrin and chlorin agents on the oppo-
site side of the water line from other diaCEST protons, as
described previously. A voxel-by-voxel B, map was gener-
ated, as described previously, using water saturation shift ref-
erencing images for phantoms and live animals.

To perform the multicontrast kinetic analysis, a region of
interest was drawn over the CEST enhancing region and the
data averaged over the 4 mice at each time point. The tempo-
ral evolution of the MTR,,, (asymmetric magnetic transfer
ratio) at —9.75 ppm was then fitted, as described previously,32
using the Levenburg Marquardt routine in MatLab (Matlab
R2014a, MathWorks, Natick, MA) to the expression:

B
MTRy, (1) = MTR,,y, (preinject) +[A], Z p&ESTfM(t)
M=A
where

fA (t) = e_klt

e(k1+k2)t(_ek]t+ekzt)kl
fB (t) =— T
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3 | RESULTS
CEST-MRI contrast is generated by applying a selective
RF pulse (saturation pulse) on labile protons to annihilate
their magnetization. Due to dynamic proton exchange of
the “saturated” labile protons with water transferring
the saturation, there is a progressive loss in water sig-
nal with continuous replacement of the saturated protons
by unsaturated protons followed by renewed annihila-
tion of their signal. As a result, the low concentration
labile protons display an amplified influence on water
signal, the source of MRI signal. As shown in Figure 1A,
Cr, glutamine, and glucose display strongly overlapped
CEST contrast between 1 to 4 ppm at a saturation field
strength (o) = 3.6 pT.33 As described previously, on 3
Tesla scanners saturation transfer contrast is improved
for compounds with chemical shifts more than 5 ppm
away from water.?’ Suitable labile protons are found
in aromatic compounds with intramolecular hydrogen
bonds with two representative contrast curves from the
intramolecular bond shifted hydrogens scaffold shown
in Figure 1B. In our search for high chemical shift labile
protons, we became interested in investigating free-base
porphyrins, which are aromatic macrocycles that pos-
sess a very large magnetic anisotropy.34’35 As shown in
Figure 1C, the MTRy,, spectra of free-base TPPS,, a
known 2nd generation photosensitizer,”° is well suited
for detection via CEST imaging due to the central
nitrogen (NH) protons on this compound. In fact, these
fall within a region of the chemical shift spectrum far
removed from all other diaCEST agents to date. Unlike
the labile protons on other compounds, which fit these
criteria, the NHs in TPPS, possess a large upfield chemi-
cal shift from water (Aw = —9.75 ppm).

3.1 | Characterization of porphyrin
CEST contrast

We first measured the CEST properties of TPPS, in vitro.
Figure 2A shows a Z-spectrum and MTR,,, spectrum
for the compound. The proton exchange rate (kg,) with
water for TPPS, was measured as a function of pH using
the quantifying exchange using saturation power experi-
ment.”’ TPPS, has a kg, = 0.21 ks~ at 12.5 mM, pH =17.0,
with kg, strongly dependent on pH (Figure 2B). Above pH
6.0, k,,, is below the chemical shift difference at 9.4 Tesla
(Aw = 3900 Hz), placing the exchange rates in the slow-to-
intermediate exchange NMR regime and making this agent
well suited for CEST imaging (Supporting Information
Figure S1) (Supporting Information Table S1). The concen-
tration dependence of CEST contrast is linear, and 1.5% con-
trast was obtained at 2.5 mM using @, = 5.4 pT (Supporting
Information Figure S2).



ZHANG ET AL.

580 o . o o
—l—Magnetlc Resonance in Medicine

(A) Three typical background CEST signals from creatine, glutamate

glucose (0-4 ppm)

15 10

Relative chemical shfit from water (ppm)

(B) diaCEST MRI Contrast Agents based on intramolecular bond-shifted

hydrogens principle( ref. 26-30)

1d 5 0
Relative chemical shfit from water (ppm)

15

(C) highly upfield shifted diaCEST MRI Contrast Agents (this work)

R

PN N

=N HN-Y
A R
N N
1 f/
R

—R

FIGURE 1
diamagnetic CEST agents discovered to date. (A)

Depiction of the spectral range for

R=p ;_CPE;::—SOS Three typical background CEST signals from creatine,
4 glutamate, glucose (0—4 ppm); (B) diaCEST MRI
’ Contrast Agents based on intramolecular bond-shifted
_ . . 3 ~18 13 hydrogens; (C) highly upfield shifted diaCEST MRI
Relative chemical shfit from water (ppm) Contrast Agents (this work)
(B) 5000

a000{ 1 FIGURE 2  CEST properties of TPPS,
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3.2 | Porphyrins, chlorin and precursor
CEST properties

To get a better handle on what the range of CEST prop-
erties are for free-base porphyrins and chlorin, we tested
the series shown in Figure 3 including the porphyrin pre-
cursor porphobilinogen in vitro. Isolated porphobilinogen
possesses a pyrrole NH and displays modest contrast at A
= 3 ppm (Supporting Information Figure S3). In contrast,

uroporphyrin I, which has 8 carboxyl groups conjugated
to the P positions on the porphyrin ring, has a pronounced
CEST peak at Aw = =9 ppm, with k., = 1.05 ks~ at pH
7.4, placing the rates in the slow-to-intermediate NMR
exchange regime and making this agent well suited for
CEST imaging (Figure 3) (Supporting Information Figure
S4) (Supporting Information Table S2). Coproporphyrin I
is a downstream metabolite of uroporphyrin I, with methyl
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FIGURE 3 CEST signals [ppm]
-13.5 ppm and contrast [%] (exchange rate ks™')
10% (9.00) of porphobilinogen, uroporphyrin I,

coproporphyrin I, hematoporphyrin, chlorin
e6, TCPP, TGPP. Experimental conditions:
CEST agent concentration = 12.5 mM (25
mM for uroporphyrin I); pH = 7.4, using

te = 3 S, @; = 5.4 uT. For Z-spectra and
QUESP fitting at different pH, see the
Supporting Information. Porphobilinogen is
the fundamental biological pyrrole precursor

chlorin e6 TCPP TGPP to a rich spectrum of tetrapyrrole pigments
(porphyrins, corrins, chlorins). TCPP,
-10 ppm -10 ppm -9.25 ppm tetrakis(4-carboxyphenyl) porphyrin; TGPP,
11% (1.00) 17% (0.56) 1% (0.1)

substitutions for 4 of the carboxyls (Figure 3) (Supporting
Information Figure S5). These substitutions decrease the
Aw further to —13.5 ppm from water; however, the kg, also
increases such that the CEST peaks are poorly detected until
pH 9.0 (Supporting Information Figure S5) (Supporting
Information Table S3), making this porphyrin unsuitable as
a CEST agent. Similarly, hematoporphyrin with its hydroxyl
and methyl substitutions at the meso-positions on the ring
provides minimal CEST contrast until pH 8.0 (Supporting
Information Figure S6) (Supporting Information Table S4).
Protoporphyrin IX, the final free-base porphyrin in heme
biosynthesis, could not be tested because the water solubil-
ity was too low. We also tested chlorin e6, which is not
aromatic through the entire circumference of the ring and
has carboxyls at the meso- and B-positions. Chlorin e6 can
provide suitable CEST contrast at neutral pH values with
2 different Aw = —10.25 and —8.75 ppm, with k, = 0.85
and 0.20 ks, respectively (Supporting Information
Figure S7) (Supporting Information Table S5). Because of
these 2 frequencies, chlorin e6 has another interesting fea-
ture, a pH dependent contrast frequency, as can be seen in
Supporting Information Figure S8. In addition to those nat-
ural porphyrins and TPPS,, we tested 2 additional synthetic
water-soluble tetraphenylporphyrins, as shown in Figure 3:
TCPP and 5, 10, 15, 20-tetrakis(4-p-glucosylphenyl) por-
phyrin. The NH protons of TCPP show well-defined, sharp
peaks at Aw = —10 ppm with sufficiently slow kg, values
(TCPP, kg, = 0.56 ks™', pH = 7.4) (Supporting Information
Figure S9) (Supporting Information Table S6), placing
these in the slow-to-intermediate exchange regime (i.e., kg,

tetrakis(4-p-glucosylphenyl) porphyrin

< Aw). NH protons of tetrakis(4-p-glucosylphenyl) por-
phyrin resonate at a similar chemical shift (Aw = —9.25
ppm) but have a fairly slow exchange rate at neutral pH
(kg = 0.1 ks™!, pH = 7) (Supporting Information Figure
S10) (Supporting Information Table S7). The magnitude of
the CEST contrast increased when the pH dropped below
7 because of the particularly high exchange rates (TCPP,
Ky, = 3.3 ks™', pH = 6.6). The results of all the k,,, meas-
urements are listed in Supporting Information Tables S1
through 7. Based on all these data, uroporphyrin I, TPPS,,
and TCPP all display well-defined CEST peaks with excel-
lent water solubilities. Unfortunately, the water solubility
of TCPP is severely limited below pH 6.6, a problem for in
vivo applications. Therefore, we settled on TPPS, for fur-
ther studies.

As has been observed previously, porphyrins present
several complications as contrast agents, including a ten-
dency to ligate metals at the axial site, which would dis-
place the labile protons used to create CEST contrast; a
tendency to self-aggregate; and in general a limited water
solubility.35 We tested this for TPPS, by acquiring Z-spec-
tra after simply mixing 1 eq. metal salts with TPPS, in
solution at 37 °C for 4 h under constant shaking and titrated
to neutral pH using high-concentration HCI/NaOH. As
shown in the Supporting Information Figure S11, this pro-
cedure did not result in the formation of metal complexes
which eliminated the CEST signals. In addition, we have
tested the influence of human serum on TPPS,. MR data
was acquired on 10% normalized human serum titrated to
pH 7.3 with and without 12.5 mM TPPS,. As seen in the
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In vivo contrast for the TPPS,. A, —9.75 ppm CEST contrast maps at pre- and post-20 min, post-60 min, post-100 min, and

post-160 min injection of compound TPPS,. B, MTR,,, for a ROI enclosing the entire tumor with preinjection data (black), 20 min postinjection
(red), 60 min postinjection (blue), 100 min postinjection (green), 160 min postinjection (pink). C, Temporal evolution of the MTRy,,, (—9.75 ppm)
for ROISs enclosing the whole tumor after intrathecal injection of TPPS,. @, = 3.6 uT (n = 4). ROI, region of interest

Supporting Information Figure S12, at this concentration
Human serum albumin does not interfere with the CEST
signal of TPPS,.

33 |

To test how well these upfield CEST agents could be
detected, we performed an in vivo study in live BALB/c mice
bearing A549 cells-derived xenografts. We administered 50
puL of a 0.1 M TPPS, solution, a known photosensitizer for
photodynamic therapy,38 through intratumoral injection.
CEST images were acquired before and after administra-
tion, revealing the distribution of TPPS, within the tumor.
The peak CEST contrast was 9.5% contrast at —9.75 ppm
after injection of TPPS, and markedly decreased over 3 h
(Figure 4C) (Supporting Information Figure S13) (Supporting
Information Table S8-9). The advantage of the remarkable
upfield signal is evident from Figure 4B, where the peak of
TPPS, is far removed from background saturation transfer
signals detected as negative MTR,,,, values from 0 to —6
ppm. In addition, using @; = 3.6 uT, the water signal at —9.75
ppm is 20% larger compared to at —5 ppm, which improves
the contrast-to-noise ratio of the CEST images as well. The
dynamics are similar to those found for intratumoral injec-
tion of CEST stealth liposomes previously, with k; = 7.83 X
107" hr™" and k, = 9.98 x 107 hr™' (rate constants with k,
corresponding to the cellular uptake of the porphyrin from
extracellular space though endocytosis; k, corresponding to
release of the porphyrin into the intracellular vesicle space).
For the larger lipoCEST agent, these values were k; = 1.73

In vivo imaging of tumor xenografts

x 107 hr™" and k, = 3.82 x 107 hr™" using Castelli et al.’s
multicontrast kinetic analysis model.* Overall, these CEST
imaging results are encouraging and should enable use of
more advanced saturation methods at clinical field strengths
in future studies.***?

4 | DISCUSSION

We have shown that selected porphyrins and chlorin dis-
play excellent CEST MRI properties, with hematoporphy-
rin-possessing labile protons that are the furthest shifted
diaCEST agent identified to date, further than the previ-
ously identified 3-nitrosalicylic acid.”’ Normally, the pro-
tons on heteroaromatic rings such as pyrrole, aniline, and
imidazole resonate downfield from water due to the strong
de-shielding effect from the aromatic ring. The de-shield-
ing effect can be further enhanced using intramolecular
hydrogen bonding, which is a powerful strategy to increase
the sensitivity of CEST imaging. As we show in this work,
the inner NH protons in the center of aromatic porphyrins
and chlorin instead are highly upfield-shifted, with inner
labile NH resonating as much as 17 ppm higher field than
NH resonances in pyrroles or on lysine or arginine-rich
peptides. These unusual shifts are largely attributed to the
effect of “ring currents” formed by the precession of 18
n-electrons in the porphyrin ring, as previously described
by Jusélius and Sundholm using density-functional the-
0ry.34’35’43'45 The ks for a number of these molecules are
suitable to allow robust detection, with the substitution of
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the ring playing an important role in determining both the
labile proton shift and kg, as shown by our data.

In a number of recent studies, the triiodobenzene ana-
loguesﬂ’22 and thymidine analoguesm’25 were extensively
investigated and shown to have great potential for biomedical
applications. These downfield shifted agents suffer a little
still from overlap with background signals from endogenous
exchangeable protons on clinical 3 Tesla scanners. There are
less background signals occurring in upfield regions of the
spectra, except for the relay nuclear Overhauser enhance-
ments from —1 to —3.5 ppm,46 which may be a major advan-
tage for specific detection. While Nd** and Pr’*, Tb** and
Ho’* paramagnetic CEST agents can also contain labile pro-
tons or water molecules with strong upfield shifts,*”*® the
ks for these complexes are generally much faster than the
400 to 2000 s_l, which are well detected by the moderate
strength saturation pulses generated using body coils on clin-
ical 3 Tesla scanners.

A number of free-base porphyrins are metabolites from
heme biosynthesis. Because of this, using CEST imaging to
detect these compounds could provide information on meta-
bolic disorders such as porphyria. Furthermore, photomedi-
cine, which includes optical image guidance of surgeries49
and photodynamic therapies,50 employs these or similar
compounds. Our findings potentially allow inserting MRI
into photomedicine for enhanced visualization. In addition,
because a wide variety of free-base porphyrins possess
favorable properties for detection using CEST imaging,
conjugation of these probes to water-soluble polymers,”’
liposomes,sz’53 or incorporation into micelles® should
preserve the CEST properties, allowing their use for a wide
variety of multimodal diagnostic and theranostic studies.

S | CONCLUSION

We have demonstrated that porphyrins and chlorin are a
promising new set of diaCEST probes with chemical shifts
far upfield from conventional organic CEST agents. The tem-
poral evolution of the contrast detected is similar to observed
before for paraCEST agents using a multicontrast kinetic
analysis.”> This type of highly upfield shifted probe could
improve the sensitivity of existing CEST methods. More
MRI studies on the pharmacokinetics and tumor uptake of
porphyrins are now under investigation in our labs.
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SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article

FIGURE S1 Influence of pH on the contrast of TPPS,
(w; =54 T, t, =35, 12.5 mM)

FIGURE S2 Influence of concentration on the contrast
of TPPS,. The concentration dependence of the contrast
of TPPS, at pH 7.0-7.2 was measured at a saturation field
strength (@) = 5.4 uT. The Z-spectra and MTR,,,, spectra at
concentrations 0 mM,1.25 mM, 2.5 mM, 5 mM, 7.5 mM, 10
mM, 15mM and 20 mM were collected and are shown below.
1.5% contrast was obtained at 2.5 mM

FIGURE S3 Influence of pH on the contrast of porpho-
bilinogen (w; = 5.4 pT, t, =3 s, 12.5 mM)

FIGURE S4 pH effect on the contrast of uroporphyrin I
(w; =54 T, t,, =35, 12.5 mM)

FIGURE S5 Influence of pH on the contrast of coproporphy-
rinI (w; =54 pT, t, =35, 12.5 mM)

FIGURE S6 Influence of pH on the contrast of hematopro-
phyrin (w; = 5.4 pT, t, = 3 s, 12.5 mM)

FIGURE S7 Influence of pH on the contrast of Chlorin e6
(w; =54 T, t,, =35, 12.5 mM)

FIGURE S8 Z-spectra and MTR ,, of Chlorin €6 using dif-
ferent saturation field strengths. The saturation power depen-
dence of the contrast of Chlorin e6 at pH 7.0 was measured
using different saturation field strength. The Z-spectra and
MTR g spectra using w; = 1.2 uT, 2.4 pT, 3.6 pT, 5.4 pT,
7.2 pT, 10.8 pT and 14.4 pT were collected and are shown
below. Two peaks were observed at —8.75 ppm and —10.25
ppm when weak saturation power (w; = 1.2 pT, 2.4 uT, 3.6
pT or 5.4 uT) was employed

FIGURE S9 Influence of pH on the contrast of TCPP
(w; =54 T, t, =3 s, 12.5 mM)

FIGURE S10 Influence of pH on the contrast of 5, 10, 15,
20-tetraki (4-p-glucosylphenyl) porphyrin (w; = 5.4 pT, t,
=35, 12.5 mM)

FIGURE S11 CEST contrast of TPPS, in the presence
of various metal ions (1 eq.). The effect of metal ions on
the contrast of TPPS, were tested at a concentration of
12.5 mM, pH =7, w; = 5.4 pT. After simply mixed metal
ions with TPPS, solution at 37°C for 4 h under constant
shaking and titrated using high-concentration HClI/NaOH
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to neutral pH, the Z-spectra in presence of 1 eq. metal
salts include ZnCl,, CaCl,, MgCl,, CdCl, and AICl; were
collected

FIGURE S12 In vitro test of TPPS, in the presence of 10%
HSA (pH =7.3,37 °C, 5.4 pT, 3 s for saturation)

FIGURE S13 In vivo Z-spectra and MTR,,, spectra for
the tumor of mouse 2 with data collected pre-injection and
post injection. a) Z-spectra of tumor at different time points
(pre, 20 min, 40 min, 60 min, 80 min, 100 min, 120 min,
140 min and 160 min); b) MTR ., of tumor at different time
points. For these experiments, 50 pl of 0.1 M TPPS, solu-
tion was injected into mouse through Intratumoral (IT) injec-
tions. Before injection, the B inhomogeneity was measured
and corrected using the water saturation shift referencing
approach. An 105-offset Z-spectrum (from 15 ppm to —15
ppm) was also acquired using saturation field strength of 3.6
pT. For the dynamic CEST contrast measurements, a series
of whole Z-spectra and water saturation shift referencing
experiments were acquired after injection. The CEST con-
trast map was calculated by MTR iy, = [S(+A®)-S(—Aw)]/
S(+Aw). The images at every three adjacent time points were
averaged to increase the contrast-noise-ratio. The maximum
CEST contrast at -9.75 ppm was up to 14.5% after injection
of TPPS, and markedly decreased over 3 hours. The contrast
map before and after injection are showed in Supporting
Information Table S8 and S9

TABLE S1 Measured proton exchange rates of TPPS, at dif-
ferent pH values

TABLE S2 Measured proton exchange rates of uroporphyrin
I at different pH

TABLE S3 Measured proton exchange rates of coproporphy-
rin I at different pH

TABLE S4 Measured proton exchange rates of hematopor-
phyrin at different pH

TABLE S5 Measured proton exchange rates of Chlorin e6 at
different pH

TABLE S6 Measured proton exchange rates of TCPP at dif-
ferent pH

TABLE S7 Measured proton exchange rates of 5, 10, 15, 20-
tetraki (4-p-glucosylphenyl) porphyrin at different pH
TABLE S8 T,,, map and CEST contrast map of Mouse 1 and
Mouse 2

TABLE S9 T,,, map and CEST contrast map of Mouse 3 and
Mouse 4

How to cite this article: Zhang X, Yuan Y, Li S,
et al. Free-base porphyrins as CEST MRI contrast
agents with highly upfield shifted labile protons.
Magn Reson Med. 2019;82:577-585.
https://doi.org/10.1002/mrm.27753



https://doi.org/10.1002/mrm.27753

