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Abstract

Since the role of saccharides in cell recognition, metabolism, and cell labeling is well-established, 

the conjugation of saccharides to drugs is an active area of research. Thus, one goal in the use of 

saccharide-drug conjugates is to impart a greater specificity toward a given cell type or other 

targets. Although widely used to treat some cancers and age related macular degeneration, the 

drugs used in photodynamic therapy (PDT) display poor chemical selectivity toward the intended 

targets, and uptake by cells most likely arises from passive, diffusional processes. Instead, the 

specific irradiation of the target tissues, and the formation of the toxic species in situ, are the 

primary factors that modulate the selectivity in the present mode of PDT. We report herein a two-

step method to make nonhydrolyzable saccharide-porphyrin conjugates in high yields using a 

tetra(pentafluorophenyl)porphyrin and the thio derivative of the sugar. As a demonstration of their 

properties, the selective uptake (and/or binding) of these compounds to several cancer cell types 

was examined, followed by an investigation of their photodynamic properties. As expected, 

different malignant cell types take up one type of saccharide-porphyrin conjugate preferentially 

over others; for example, human breast cancer cells (MDA-MB-231) absorb a tetraglucose-

porphyrin conjugate over the corresponding galactose derivative. Doseametric studies reveal that 

these saccharide-porphyrin conjugates exhibit varying PDT responses depending on drug 

concentration and irradiation energy. (1) Using 20 µM conjugate and greater irradiation energy 

induces cell death by necrosis. (2) When 10–20 µM conjugate and less irradiation energy are used, 

both necrosis and apoptosis are observed. (3) Using 10 µM and the least irradiation energy, a 
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significant reduction in cell migration is observed, which indicates a reduction in aggressiveness of 

the cancer cells.

The uptake of exogenous molecules such as drugs into cells can arise from a variety of 

mechanisms that can be broadly classified as active and passive transport. Active uptake 

requires that target molecules be recognized by specific intermolecular interactions, selected, 

and shuttled across the cell membrane by receptors. Thus, molecules may be targeted toward 

these receptors by appending appropriate substrate moieties. Conversely, passive uptake 

involves diffusion at some point in the process and arises from nonspecific cell-molecule 

interactions. Because of the lipid membrane core, the more lipophilic a molecule, the lower 

the barrier to traversing through the cell membrane, whereas amphipathic molecules will 

nominally bind at the interface or polar region and have greater barriers to crossing the 

membrane (1, 2).

Photodynamic therapy (PDT)1 is a rapidly growing methodology to treat age-related 

macular degeneration, various skin disorders, and an increasing number of cancers that are 

accessible to irradiation with visible light (3). Although in various stages of development, 

other applications are envisaged; for example, as antibiotic and antiviral treatments (4, 5). A 

benzoporphyrin derivative is used in the treatment of age-related macular degeneration (6) 

and the PDT agent photofrin, which is approved for use in a variety of cancers, is a complex 

mixture of hematoporphyrin IX oligomers with issues of dosaging and selectivity (7). There 

are several other porphyrinoid derivatives and related compounds that are in various phases 

of testing and in clinical trials for both treatment and imaging applications, including 

chlorins (reduced porphyrins) and texaphyrins (expanded porphyrins) (8–10).

In general terms, the PDT concept is that the therapeutic compound has low toxicity until it 

is activated by light, whereupon it becomes very reactive and toxic or it activates other 

indigenous species to become reactive and toxic (6, 7, 11). The selectivity in any application 

arises from the compound specificity for the target and the selective irradiation of the target 

by light. Specificity for target tissues is poor for most PDT agents and arises largely from 

nonspecific passive uptake modulated by increased metabolic activity of cancer cellssas 

demonstrated by the strong correlation between hydrophobicity and in vitro activity. For 

PDT applications, there is a general agreement that the major role of porphyrinoid 

compounds is to photosensitize the formation of the highly reactive singlet oxygen species 

via a transfer of energy from the triplet excited state of the porphyrinoid to ground state, 

triplet oxygen. Singlet oxygen is a powerful oxidant that reacts with many biomolecular 

species such as the double bonds in lipids, aromatic amino acids, both phosphate backbone 

and bases of nucleic acids, and other species such as flavenoids. Enzymes designed to 

1Abbreviations:
PDT, photodynamic therapy
P-Glu4 5,10,15,20tetrakis(4,1′-thio-glucose-2,3,5,6-tetrafluorophenyl)porphyrin
P-Gal4 5,10,15,20-tetrakis(4,1′-thio-galactose-2,3,5,6-tetrafluorophenyl)porphyrin
DMEM Dulbecco’s Modified Eagle Medium
PARP poly-(ADP ribose) polymerase
TPPF20 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin
ESI-MS electron spray ionization mass spectroscopy
TPP tetraphenylporphyrin
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reduce oxidative stress such as superoxide dismutase and antioxidants may reduce the 

amounts of singlet oxygen in the cell and thereby modulate PDT efficiency. In some cases, 

PDT may cause cell death by making the cells anoxic or by the initiation of apoptosis. Most 

porphyrins have remarkably high quantum yields for triplet formation, >60%. The yield of 

the triplet state can be increased by the incorporation of some metals into the core and/or by 

replacing some of the hydrogen atoms with halogens or other heavy atoms that enhance 

intersystem crossing from the initially formed singlet state to the triplet state. Since 

fluorinated porphyrin derivatives generally have greater triplet quantum yields than most 

free base porphyrinic systems (12); these compounds may be more potent photosensitizers.

Because of the poor selectivity for target tissue, dosing concerns, and the large market, much 

effort has been directed toward the discovery and implementation of the next generation of 

PDT agents (3, 8, 13–15). Despite these research efforts and a better understanding of how 

the present photofrin mixture works, there is a paucity of progress in making porphyrinoid 

compounds more selective for the target tumor tissues, yet stable in vivo. Although the role 

of lipophilicity in enhancing PDT activity is not well-understood, it likely arises from 

enhanced affinity for cell membranes and concomitant increased cellular uptake due to the 

lower energetic costs of traversing the low dielectric of the membrane (1, 2, 16). Liposomes 

and nanoparticles are a means to circumvent solubility problems, and many new compounds 

under investigation are amphipathic or hydrophobic, but selectivity remains an issue (17). A 

cadre of glycosylated porphyrins has been reported in recent years (18–23) because of the 

advantages of appending cellular recognition elements to a drug, yet hydrolysis of the sugars 

from the O-glycosidic porphyrin derivatives remains problematicsboth in vivo and during 

synthesis/purification (24). Drugs bearing saccharides appended via O-glycoside linkages 

generally have short half-lives because this bond is readily hydrolyzed by a variety of 

enzymatic and nonenzymatic acid/base reactions. Most cancer cells are dependent on 

glucose uptake to fulfill their energy requirements; as such, glycolysis is increased in cancer 

cells as compared with normal cells. Glucose enters cells via a family of functional glucose 

transporters. In this regard, breast cancer cells are not exceptional and are known to have 

increased glucose utilization and uptake due to an increased number of transporters (25). 

Porphyrins with several sugar moieties at appropriate positions can be amphipathic to 

facilitate passive uptake, and the sugars may mediate specific interactions with cancer cell 

membranes and active uptake of the compound (26). To surmount the hydrolysis problem, 

saccharide-drug conjugates using C- or S-glycoside linkages have been made, including 

several porphyrin derivatives (23, 27–30), but for the majority of cases, the synthetic yield of 

these conjugates is poor as well.

To address many of the aforementioned issues of selectivity, amphipathicity, and hydrolytic 

stability in the design and efficacy of drugs such as those for PDT, we report herein the 

synthesis and the manifold activities of two porphyrin-saccharide conjugates (Scheme 1): 

5,10,15,20-tetrakis(4,1′-thio-glucose-2,3,5,6-tetrafluorophenyl)porphyrin (P-Glu4) and 

5,10,15,20-tetrakis(4,1′-thio-galactose-2,3,5,6-tetrafluoro-phenyl)porphyrin (P-Gal4). A 

simple, two-step reaction affords a porphyrin bearing four saccharide moieties conjugated 

via an S-glycoside bond in high yields (Scheme 2). The reaction is general for a variety of 

saccharides and other nucleophiles such as amines.
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These porphyrin-S-saccharide derivatives exhibit enhanced binding to a human breast cancer 

cell line as compared to several widely studied nonsaccharide derivatives, such as the 

tetra(4-methoxyphenyl)porphyrin (Sup-porting Information). These studies also show that 

the glucose-appended porphyrin is preferentially taken up as compared to the galactose-

appended derivative, wherein it displays significantly enhanced photodynamic activity in 

terms of inducing necrosis and apoptosis. Studies reveal that the cellular responses are 

dependent on the dosage of these compounds, length of irradiation with white light, and the 

degree of uptake. The 20 µM doses of P-Glu4 and ~11.3 kJ m−2 (20 min at 0.94 mW cm−2 

irradiation using white light from a ~13 W fluorescent bulb) result in necrosis. The 20 µM 

doses of the same derivative and ~1.6 kJ m−2 (10 min at 0.27 mW cm−2) irradiation results 

in apoptosis. Still lower concentrations and shorter irradiation times, 10 µM doses of P-Glu4 

and 0.75 kJ m−2 (5 min at 0.25 mW cm−2), significantly reduce cell mobility, which is an 

indicator of reduced aggressiveness. Also, a normal rat fibroblast cell line absorbs less of the 

conjugates than the transformed version of the cell line.

EXPERIMENTAL PROCEDURES

Materials.

All chemicals were purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium 

(DMEM) and antimycotic for cell culture were from GibcoBRL. Bovine calf serum was 

obtained from HyClone. PBS was obtained from Invitrogen. The 13 W fluorescent bulb was 

from Sanco. The antibody against poly-(ADP ribose) polymerase (PARP) was from Cell 

Signaling Technology. Biocoat filters were purchased from Becton Dichinson Labware, and 

the Diff-Quik stain set was from Dade Behring Inc.

Instrumentation.

Steady-state fluorescence spectra were generally taken on 1 µM porphyrin in methanol, with 

excitation at the maximum UV-vis absorbance (Soret band), and recorded on a Fluorolog 3, 

Jobin-SPEX Instruments S. A., Inc. UV-vis spectra were collected on a Varian Bio3 

spectrophotometer. Flash column chromatography was per-formed using 230–400 mesh 

ASTM Merck silica gel-60. 1H NMRs were recorded on a Varian 300 MHz instrument in 

CDCl3. Electron spray ionization mass spectrometry used an Aligent Technologies HP-1100 

LC/MSD instrument.

Porphyrin Synthesis and Characterization. 5,10,15,20-Tetrakis(4–1′-thio-glucosyl-2,3,5,6-
tetrafluorophenyl)porphyrin (P-Glu4,1).

2,3,4,6-Tetra-O-acetyl-glucosyl bromide (7.0 g, 0.017 mol) mixed with potassium 

thioacetate (4.0 g, 0.035 mol) in 20 mL of dry acetone overnight at room temperature 

afforded 2,3,4,6-tetra-O-acetyl-glucosyl thioacetate (3) after removal of the solvent and 

purification over a 5 20 cm silica gel column using hexane/ethyl acetate (2:1) as eluent. A 

8:1 solution of 3 (167 mg, 410.4 µmol) and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin 

(TPPF20) (50 mg, 51.3 µmol) in 10 mL of DMF was stirred overnight at room temperature 

to yield 5,10,15,20-tetrakis(4–1′-thio-2′,3′,4′,6′-tetraacetylglucosyl-2,3,5,6-

tetrafluorophenyl)porphyrin (4). Compound 4 was purified by column chromatography 

using 2 15 cm silica gel column hexane/ethyl acetate (2:3) as eluent, treated with 16 equiv (1 

Chen et al. Page 4

Biochemistry. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



equiv per acetate group) of NaOCH3 at room temperature in 9:1 v/v solution of methanol/

methylene chloride for 1 h to afford P-Glu4 in quantitative yield (Scheme 2). The product 

was neutralized by pH 7.2 ammonium acetate buffer. The overall yield after three steps was 

88%. P-Glu4: UV-vis in methanol λ (€ cm−1 M−1), 410 nm (1.83 105). Alternatively, the 

unprotected sodium thioglucose can be used as a starting material to make 1, as described 

next for the galactose derivative.

5,10,15,20-Tetrakis(4–1′-thio-galactosyl-2,3,5,6-tetrafluoro-phenyl)porphyrin (P-Gal4, 2) 

was synthesized as described previously (24) (Scheme 2) by stirring a 8:1 solution of the 

sodium thiogalactose (54 mg, 246.4 µmol) with TPPF20 (30 mg, 30.8 µmol), respectively, in 

5 mL of DMF at room temperature overnight and purified over a 1 10 cm silica gel column 

using ethyl acetate/methanol (17:3) as eluent. The yield was 92%. To accurately characterize 

the com-pounds by NMR, the tetra-2,3,4,6-acetylgalactose derivatives were synthesized by 

mixing acetic anhydride (84.4 mg, 78 µL, 826.2 µmol), DMAP (9 mg, 73.4 µmol), and P-

Gal4 (10 mg, 45.9 µmol) (48:1.6:1) at room temperature in 10 mL pyridine for 1 h to afford 

5,10,15,20-tetrakis(4–1′-thio-2′,3′,4′,6′-tetraacetylgalactosyl-2,3,5,6-tetrafluorophenyl) 

porphyrin (5). Compound 5 was purified by column chromatography using a 1 8 cm silica 

gel column and hexane/ ethyl acetate (1:2) as eluent. When 5 was made directly, 

deprotection was accomplished using 16 equiv of NaOCH3 (1 equiv per acetate group) at 

room temperature in 9:1 v/v solution of methanol/methylene chloride for 1 h to afford P-

Gal4 in quantitative yield (Scheme 2). The product was neutralized by pH 7.2 ammonium 

acetate buffer. P-Gal4: UV-visible in methanol λ (€ cm−1 M−1), 410 nm (1.74 104).

For compounds 4 and 5, electron spray ionization mass spectrometry, 1H NMR, UV-vis, and 

fluorescence spectra were consistent with the reported structures. For compounds 1 and 2 
made via hydrolysis of the protected sugar or directly, mass, UV-vis, and fluorescence 

spectra confirmed the structure.

Octanol/Water Partition Coefficient.

A small amount (~1 mg) of dry porphyrin was dissolved in 3 mL of 1-octanol by sonication, 

and 3 mL of distilled water (or pH 4.75 LiAc buffer) was added to the solution. The 

saturated mixture was shaken vigorously and centrifuged for 10 min to accelerate the 

separation of the water and organic layers. The absorption of the porphyrin Soret bands in 

each layer was measured by UV-vis spectroscopy. The ratio of the absorption in 1-octanol 

over the absorption in water or buffer is the reported octanol/water partition coefficient.

Cell Culture.

Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM), 10% bovine calf 

serum, 1% antimycotic at 37 °C and in 5% CO2 atmosphere (31). For experiments, 2 105 

cells/mL were seeded in cell culture plates and then allowed to grow for 24 h. For all the 

experiments involving porphyrins, the conjugate was added to the cells 24 h prior to 

experiments to allow them to be taken up by the cells.
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Fluorescence Imaging Cells.

Cells were plated onto cover slips in cell culture dishes. Porphyrins (dissolved in methanol) 

were added to the cultures to a final concentration of 2–20 µM. Twenty-four hours later, 

cells were washed twice with PBS (136 mM NaCl, 2.6 mM KCl, 1.4 mM KH2PO4, 4.2 mM 

Na2HPO4) and fixed in 4% paraformaldehyde solution in PBS for 20 min at room 

temperature. The cells were then washed with PBS 5 times (32, 33). The cover slips were 

mounted in Dako fluorescent mounting medium, put onto slides, air-dried, and then 

visualized using a Nikon Optiphot 2 fluorescence microscope where images were captured 

as high quality (>100 kb) JPEG files (excitation: 505–565 nm and emission: 565–685 nm). 

For comparison and to record cell morphology, images were also captured as JPEG images 

using a phase contrast light microscope. For each set of experiments, cells were cultured, 

and the fluorescence images were taken under identical culture and microscopic conditions.

For quantitative studies, the image intensities of the cells in the fluorescence micrographs 

were calculated by Scientific Image software, developed by Advanced Science and 

Technology (34). This program can analyze images in JPEG format as briefly outlined next.

The red, green, and blue (R, G, B) components of several selected cell regions in the first 

image were averaged to get (Rc, Gc, Bc). For the same image, several regions of background 

were selected, and (R, G, B) for the background regions are averaged to get (Rb, Gb, Bb). 

The background intensity was considered as noise, which was subtracted from the intensity 

of the cell region. This gives the background adjusted (R1, G1, B1) for the first image. For 

the second image, (R2, G2, B2) was obtained in the same way. For each image, the absolute 

intensity, expressed as a (R, G, B) vector, was obtained as the scalar value of the vector. The 

relative fluorescence intensity between two images was taken as the ratio of the absolute 

intensity of two images. Additionally, the ratios for the red, green, and blue components of 

two images can be separately calculated in a straightforward manner. The data were 

calculated from the original RGB data of the unprocessed images. For publication purposes, 

the images were enhanced using Microsoft Photo Editor using the same parameters for each 

set of images.

Photocytotoxicity Assay.

Cell viability was quantified by trypan blue exclusion. After various treatments, cells were 

harvested with trypsin. Trypan blue was added to cells at a concentration of 0.4% w/v. The 

mixture was incubated at room temperature for 10 min, and trypan blue uptake (counted as 

dead cells) was determined by counting on a hemacytometer.

Western Blot.

Cells were treated with porphyrin for 24 h, rinsed, and irradiated as described in the text. 

Nine hours after irradiation, cells were washed with cold PBS (136 mM NaCl, 2.6 mM KCl, 

1.4 mM KH2PO4, 4.2 mM Na2HPO4) twice before lysis with RIPA buffer (50 mM Tris-

HCL, 1% NP40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 

íg/mL Aprotinin, leupeptin, pep-statin, 1 mM Na3VO4, and NaF). The lysates were gently 

rocked at 4 °C for 25 min and centrifuged at maximum speed for 10 min, and the 

supernatant was applied to a Western blot (35). Equal amounts of protein were adjusted into 
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gel-loading buffer (50 mM Tris-HCl, pH 6.8; 100 mM dithio-threitol; 2% SDS; 0.1% 

bromophenol blue; 10% glycerol) and then heated for 5 min at 100 °C prior to separation by 

SDS-polyacrylamide gel electrophoresis using 8% acryl-amide separating gels. After 

transferring to nitrocellulose membranes (Osmonics), membrane filters were blocked 

overnight at 4 °C with 5% nonfat dry milk in PBS. The nitrocellulose filters were washed 

three times for 5 min in PBS with 0.05% tween-20 and then incubated with the anti-PARP 

antibody for 1 h at room temperature. Anti-mouse IgG conjugated with horseradish 

peroxidase was used as a secondary antibody. The bands were visualized using an enhanced 

chemiluminescent detection system (Amersham).

Cell Migration Assay.

Cell migration was measured as the ability of cells to migrate through a Biocoat filter (8.0 

micron pore size) (36). Cells were treated with porphyrin 24 h prior to the assay and kept in 

the dark. After rinsing and removal of cells from a 60 mm cell culture plate using a balanced 

salt solution containing 0.5% (w/v) trypsin and 0.2% (w/v) EDTA, 2 104 cells in 250 µL of 

cell culture medium (0.5% serum) was placed in the upper compartment of a Biocoat filter. 

A total of 750 µL of cell culture medium was placed in the lower compartment of the filter. 

Cells were irradiated under 13 W fluorescent white light and left to migrate for 18 h. The 

filters were maintained at 37 °C in a humidified atmosphere containing 95% air and 5% 

CO2. After treatment, the filters were removed, and cells that had not migrated through to 

the underside of the filter were removed from the upper compartment by wiping the filter 

with a cotton bud. The filters were washed twice with PBS and then incubated in staining 

buffer Diff-Quik Fixative, Diff-Quik Solution I, and Diff-Quik Solution II for 0.5 min each 

at room temperature. The filters were then washed twice in PBS and air-dried. The cells that 

had migrated to the opposite side of the filter were visualized using a phase contract light 

microscope, and images were taken.

RESULTS AND DISCUSSION

Synthesis and Characterization.

Because of the potential to target various cell types, other S-glycosylated porphyrins have 

been examined as possible agents for PDT (29, 30). But, one of the goals herein is to 

develop high-yielding reactions that are general for the appending of any thio-sugar to 

5,10,15,20-tetra(pentafluorophenyl)porphyrin (TPPF20), which is commercially available 

and can be routinely made in large quantities either by the Adler (37) or Lindsey(38) 

methods. Changing the link between aromatic and sugar moieties from oxygen to sulfur is 

known to increase the stability of the conjugate to acid hydrolysis. Since sulfur is a weaker 

Lewis base than oxygen, it has a lower affinity for protons, thus less readily forms the 

conjugate acid required for the hydrolysis transition state (39). The same is true for reactions 

with glycosidases, as enzymes that act on the corresponding O-analogues do not usually 

cleave 1-thio saccharides (39).

The synthesis begins with TPPF20 since the para fluoro group is known to be reactive toward 

nucleophilic substitution reactions (40, 41), and we have previously exploited this property 

to make a variety of porphyrin derivatives (24). The present work focuses on the preparation 
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of S-glycosylated porphyrins, in which the hydrolytically labile acetal moiety of the sugar is 

replaced with a functionality that is significantly more stable toward acids, bases, and 

enzymes. These properties may both increase the selectivity as compared to simple 

amphipathic compounds and reduce the dosages needed for PDT agents as compared to O-

linked saccharides. Two sugar-porphyrin conjugates, 1 (P-Glu4) and 2 (P-Gal4), are made as 

shown in Scheme 2. The synthesis is straightforward, and >85% yields are routinely 

obtained starting from TPPF20 and the thioacetate of the protected sugar in DMF with 20 

equiv (~1%) of diethyl-amine to deprotect the thiol moiety in situ. Both P-Glu4 and P-Gal4 

and their protected intermediates were fully characterized. Either the acetate protected or the 

free sugar can be used in the synthesis of P-Glu4 and P-Gal4 (Scheme 2). The protected 

sugars enhance the reproducibility of the reaction yields and aid in characterization of the 

products by NMR but necessitate a deprotection step. The removal of the acetate protecting 

groups with NaOCH3 is quantitative and is followed by neutralization with a pH 7.2 

ammonium acetate buffer. A large excess of NaOCH3 should be avoided as it partially 

cleaves the porphyrin-saccharide conjugate.

The ~30% broadening of the Soret band and the ~3 nm red shifts of Q-bands as compared to 

the starting porphyrin in the UV-vis spectrum of, for example, P-Glu4 in methanol (Figure 

1A) shows that there is some small amount of aggregation even at micromolar 

concentrations. The hydro-phobic porphyrin core surrounded by the hydrophilic sugar 

moieties likely allows ð-stacking of the macrocycles to form dimers or small aggregates. 

Similar aggregation is observed in water.

The fluorescence intensity of TPPF20 is ~ 37% of the nonfluorinated analogue, TPP, because 

of the differences in the energetics of the frontier orbitals and an increase in intersystem 

crossing to the triplet state. The triplet quantum yield for TPP is 80 ± 10% and for TPPF20 is 

>80% (12). The fluorescence intensity of both P-Glu4 and P-Gal4 is quenched a further 5% 

as compared to TPPF20 under identical instrumental and concentration conditions (Figure 

1B). Using fluorescence as an indirect indicator, this observation suggests that P-Glu4 and P-

Gal4 have even greater quantum yields of triplet than TPPF20, and this is likely due to the 

four sulfur atoms and the heavy atom effect. Of course, these values should only be taken as 

relative indications of the degrees of the excited-state decay pathway via the triplet manifold. 

Thus, the quantum yields of singlet oxygen for 1 and 2 are expected to be correspondingly 

greater as compared to simple TPP derivatives (i.e., the increased number of porphyrins in 

the triplet excited state will presumably produce more singlet oxygen for a given amount of 

dye). The photophysical properties of porphyrins and the mechanism of singlet oxygen 

formation pertaining to PDT have been well-reviewed (3, 8, 13). Even though the 

fluorescence quantum yield of these free base porphyrins is ~ 10%, the large extinction 

coefficient (~ 2 105 M−1 cm−1) and long integration times allows the observation of 

nanomolar quantities of these dyes by fluorescence microscopy.

These two conjugates are stable to hydrolysis between pH 4.75 and 9. Solutions of both P-

Glu4 and P-Gal4 in methanol are photochemically stable in refluxing methanol for 6 h under 

ambient light 21.6 kJ m−2 (0.1 mW cm−2) as judged by ESI-MS. This confirms our 

hypothesis that these conjugates are stable under these conditions. Other saccharide- 

appended porphyrins assembled via oxygen linkages are known to be labile under similar 
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conditions (30). Photolysis experiments on P-Glu4 indicate little oxidation of the sulfur or 

cleavage of the sugar from the porphyrin under the conditions used for the treatment of the 

cells.

There are numerous reports on the correlation of amphipathic character of PDT agents with 

cell uptake and/or efficacy of PDT (27, 42–45). The octanol/water partition coefficients for 

each derivative are the same in unbuffered water and pH 4.75 buffer (in unbuffered water P-

Glu4 is 204 ± 10 and P-Gal4 is 158 ± 20; while in pH 4.75 buffer P-Glu4 is 199 ± 10 and P-

Gal4 is 156 ± 10). Since the region around cancer cells is often acidic due to the increase 

metabolic rate (8, 13, 46), the unchanged partition coefficients at lower pH indicates that any 

passive uptake of these compounds by cancer cells will be unaffected. This property arises 

from the hydrophobic core surrounded by the four hydrophilic groups, the ionization 

potentials of the hydroxy groups, and somewhat because of the 16 remaining fluoro groups. 

This is different from porphyrins conjugated to saccharides via an alkane tether with either 

oxygen or sulfur linkages (29, 30, 47–49). The ~ 20% difference in the partition coefficient 

means that P-Glu4 is slightly more lipophilic than P-Gal4, and this may account for a small 

fraction of the differences noted next.

MDA-MB-231 Breast Cancer Cells.

(a) P-Glu4 Versus P-Gal4 Selectivity of Cell Uptake.—The selective binding of the 

porphyrin-saccharide conjugates to MDA-MB-231 breast cancer cells was evaluated by 

fluorescence micros-copy. Cells cultured under the same conditions on glass cover slips 

were incubated with various concentrations of the porphyrin derivatives under identical 

conditions. After rinsing the unbound compounds from the cells on the cover slips and fixing 

the cells, fluorescence images of the cells were taken. The observed fluorescence intensity 

was taken to be proportional to the quantity of porphyrin bound to the cells and was 

quantified by comparing the integrated RGB vectors for identical areas (see Experimental 

Procedures).

The fluorescence microscopy images (Figure 2) clearly show that both porphyrin-saccharide 

conjugates bind to human breast cancer (MDA-MB-231) cells, but these cells take up more 

than twice as much P-Glu4 than P-Gal4 when incubated with 10 µM solutions for 24 h. The 

RGB vector analysis, comparing the average values of >20 cells treated with each conjugate 

from several different experiments, indicates the uptake of P-Glu4 by MDA-MB-231 is 2.3-

fold greater than P-Gal4.

A primary characteristic of malignant cells is an increased uptake of glucose due to 

increased metabolic activity, and human breast cancer cells are known to have a higher 

expression and functional level of glucose transporters than normal cells (50, 51). Therefore, 

the greater binding of P-Glu4 to MDA-MB-231 cells likely arises from the presence of a 

greater number of glucose transporters than galactose transporters. In addition to the 

increased active transport, there may be an increased proclivity for these cancer cells to 

passively absorb conjugates 1 and 2 because of the more acidic environment of cancer cells 

and increased metabolic rate relative to healthy cells (46, 52–54). It has been reported that 

generally an increasing hydrophobicity increases in vitro activity (55). Our observations 

indicate that the amphipathic nature of the free base porphyrin-sugar conjugates also plays a 
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role in porphyrin incorporation into MDA-MB-231 cells. Neither acetate protected 

porphyrin intermediates (e.g., 4) nor TPPF20 bind to MDA-MB-231 cancer cells as judged 

by fluorescence microscopy (Supporting Information); thus, merely increasing lipophilicity 

does not a priori increase uptake by these cells. The hydrophobic porphyrins either do not 

enter the cells well and/or there are problems in the delivery these compounds without 

auxiliary drug delivery formulations such as liposomes.

A previous report found that TPPs bearing eight galactose moieties bound to rat hepatoma 

(liver cancer) cells (RLC-16), to a much greater extent than the corresponding glucose-

porphyrin derivative (56). This was expected since there are galactose receptors on this 

particular cell line but not glucose receptors. Combined with our observations, these results 

indicate that incorporation of different sugars may direct the porphyrins toward different cell 

types.

(b) Photocytotoxicity: Necrosis.—For cultured breast cancer MDA-MB-231 cells, the 

P-Glu4 derivative is a more potent mediator of cell death upon illumination with white light 

than the P-Gal4 derivative, which is consistent with the previous observations on cell uptake/

binding. Since cell death can be caused directly by necrosis, and indirectly by initiating 

apoptosis (57), several assays were performed to delineate the extent of each. At 20 µM 

concentrations of P-Glu4 and using 0.94 mW cm−2 of white light for 20 min (11.3 kJ m−2), 

more than 60% of the cells are necrotic immediately after PDT treatment (within the few 

minutes it takes to place them under the light contrast microscope, Figure 3A) (57). Yet, 

these two assays also reveal that the number of nonviable cells continues to increase with 

time until it reaches nearly 100% after 24 h, which implies that under these conditions a 

secondary process such as apoptosis is causing cell death, vide infra.

Cell viability is porphyrin-saccharide conjugate concentration dependent where the 

photocytotoxicity of P-Glu4 is approximately 2-fold better than P-Gal4 at 8–16 µM (Figure 

3B). The photodynamic response of these cells is also light dose dependent, such that with 

extended irradiation times, nearly 100% of the cells are dead (Figure 3C). These results 

confirm those from fluorescence microscope imagess glucose-porphyrin conjugates are 

taken up by human breast cancer MDA-MB-231 cells more than twice as much as the 

corresponding galactose-porphyrin derivatives.

(c) Photocytotoxicity: Apoptosis.—To verify the hypothesis that apoptosis is at least 

partially the cause of the continued increase in nonviable cells after the cessation of light 

irradiation (Figure 4), milder conditions were used to decrease the number of initially 

formed necrotic cells. At the same 20 µM P-Glu4 concentrations, but with 7-fold less total 

light energy (1.62 kJ m−2; 0.27 mW cm−2 for 10 min) than used in the assays shown in 

Figures 3, cell death is caused at least in part by apoptosis as indicated by a Poly-ADP-

ribose-polymerase (PARP) cleavage assay. PARP is one of the best-examined targets of 

activated caspases and is a common indicator of the action of caspase-3 in apoptosis (58). 

PARP is a DNA repair enzyme whose expression is triggered by DNA strand breaks. In cells 

undergoing apo-ptosis, PARP is cleaved from a 113 kD peptide into 24 and 89 kD 

polypeptides. It appears plausible that cleavage of PARP facilitates the degradation of 

cellular DNA (59), which is a hallmark of apoptosis. Our PARP assay results demonstrate 
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that apoptosis was induced in MDA-MB-231 cells by photodynamic treatment with P-Glu4 

(Figure 4). These observations are consistent with other reports (60) that lower doses than 

those needed to produce necrosis are effective in eliciting cell death. This indicates that 

MDA-MB-231 cell death can be affected even under low light conditions such as found 

when tumors are further away from the light source and the irradiation has to penetrate 

through more tissue. Detailed investigations of the role of these porphyrin-saccharide 

conjugates in affecting apoptosis will be reported elsewhere.

(d) Reduced Cell Migration.—It is clear that matastatic tumor cells must retain or 

increase their ability to migrate and to invade across vessel walls and into tissues (61). 

Decreasing their migration can effectively decrease tumors from spreading (61). Using even 

milder conditions, where the breast cancer MDA-MD-231 cells are kept alive (as indicated 

by trypan blue exclusion assay) by using still less porphyrin-sugar conjugate and less total 

light energy (e.g., 10 µM P-Glu4 with 0.75 kJ m−2 light irradiation, i.e., 0.25 mW cm−2 for 5 

min), there is significant inhibition of cell migration. The ability of the cancer to cells 

migrate from one side of a porous material to the other side (32) is much reduced after the 

treatment with P-Glu4 and irradiation (Figure 5). Control experiments show that P-Glu4 

without irradiation or irradiation without P-Glu4 has no effect on cell migration. This result 

may indicate that lower levels of P-Glu4 in the cells with less light irradiation may damage 

the membrane or proteins that facilitate or trigger cell migration, thus mitigating 

aggressiveness. The migration inhibition is porphyrin dose-dependent. Reduced cell 

migration indicates that the cancer cells are not as aggressive as the untreated MDA-MB-231 

cells. This character could slow the tumor spreading to other tissues or organs (32) and has 

clinical relevance when some tumor tissues are too deep for enough light to penetrate to 

induce necrosis or apoptosis since reduced aggressiveness may facilitate other treatments.

(e) Conclusions on MDA-MB-231 Cells.—These observations indicate that the 

uptake and photodynamic response of the porphyrin-saccharide conjugate by this breast 

cancer cell line is correlated with the concentration of the compound. The photodynamic 

response is also correlated with the amount of irradiation with white light. There are no 

observable effects on cells treated with the conjugates but without light or on cells treated 

with light but no conjugate. These results also indicate that even at low dosage and low 

irradiationssuch as might be found for central regions of a tumor where the drug has lower 

uptake and light penetrates lesssthese compound still may elicit desirable effects such as 

apoptosis and reduced aggressiveness. These results support the hypothesis that saccharides 

may be used to enhance the selectivity of the compound toward a given cell type and can be 

predicted using a knowledge of the target cell metabolism and/or relative abundance of 

receptors for a given sugar.

Normal, Partially Transformed, and Fully Transformed 3Y1 Rat Fibroblasts.

Overexpression of a tyrosine kinase is a common genetic defect in a variety of human 

cancers. It was demonstrated previously that 3Y1 rat fibroblasts over-expressing c-Src 

(3Y1c-Src) are partially transformed since elevated expression of the less active c-Src kinase 

is not sufficient to fully transform cells (62). However, when treated with tumor-promoting 

phorbal esters (63), these cells become transformed. Expression of v-Src, which is an 
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activated kinase, fully transforms 3Y1 cells (3Y1v-Src) (64). Thus, we employed a system of 

normal (3Y1 rat fibroblasts), partially transformed (3Y1c-Src), and fully transformed 

(3Y1v-Src) cells to evaluate the P-Glu4, and P-Gal4 conjugates for binding and PDT effects.

(a) Selectivity of Cell Uptake.—The three cell types on cover slips were incubated 

with porphyrin derivatives under identical conditions. After rinsing off the unbound com-

pounds and fixing the cells, the uptake of the porphyrin-saccacharide conjugates by cells 

was evaluated by fluorescence microscopy, where the observed fluorescence intensity was 

taken to be proportional to the quantity of porphyrin taken up by the cells, and confirmed by 

the RGB vector analysis. These studies also show that P-Glu4 is preferentially absorbed by 

the transformed 3Y1v-Src cells as compared to the absorption of P-Gal4 (Supporting 

Information), so we again use the glucose derivative for further investigation. Importantly, 

neither of the porphyrins are taken up by normal 3Y1 fibroblasts to the extent that they are in 

the transformed 3Y1v-Src cells. The partially transformed 3Y1c-Src shows an intermediate 

uptake (Figures 6 and 7), which indicates that these sugar-appended porphyrins are selective 

toward tumor over normal cells.2

Fluorescence image assays (Figure 6) indicate that the uptake of P-Glu4 increases in the 

order of 3Y1 (normal rat fibroblast) < 3Y1c-Src (partially transformed cells) < 3Y1v-Src (fully 

transformed cells). The relative affinity of P-Glu4 toward 3Y1, 3Y1c-Src, and 3Y1v-Src cells 

is 1:2.3:3.2 ac-cording to the relative fluorescence intensity calculated by the Scientific 

Image program, as described in the Experimental Procedures. This indicates that the tumor-

like 3Y1v-Src cells have >3-fold greater affinity toward P-Glu4 than do the corresponding 

normal cells, further supporting the hypothesis that saccharides can increase the selectivity 

of porphyrins for tumor cells over normal cells.

For malignant cells, elevated metabolic activity leads to greater uptake of glucose and this is 

true for 3Y1v-Src cells as compared to 3Y1c-Src and 3Y1 cells. Thus, glucose uptake is 

greater due to increased active transport by elevated expression and/or function of glucose 

transporters. The observed increase in the affinity for P-Glu4 with increasing degree of cell 

transformation is consistent with this expectation: 3Y1v-Src > 3Y1c-Src > 3Y1. In addition to 

elevated active glucose transport, there may be an increased tendency for tumor (or tumor-

like) cells to passively absorb P-Glu4 because of the faster growth rate and differences in the 

environment of tumor cells relative to normal cells. The lower pH around cancer cells, for 

example, may partially protonate free base porphyrins, therefore increasing the 

hydrophilicity and assisting the cationic porphyrin binding to the cell membrane-containing 

anionic lipids. The neutral amphipathic porphyrin can cross the membrane or since the 

cationic porphyrin retains much of its amphipathic nature it may also passively enter the cell. 

Note that P-Glu4 is taken up to a greater extent by the 3Y1v-Src cells, supporting the 

hypothesis that the glucose facilitates transport. Thus, the differences in uptake cannot be 

ascribed solely to the small difference in octanol/water partition coefficients.

(b) Photocytotoxicity:3Y1v-Src > 3Y1c-Src >3Y1.—Cells from the three different cell 

lines were treated identically. Various concentrations of P-Glu4 were incubated with the cells 

2Fluorescence imaging assays demonstrate that normal mouse fibroblast (NIH3T3) do not take up either P-Glu4 or P-Gal4.
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for 24 h, and the medium was changed to remove any unbound conjugate. Then cells were 

irradiated for 7 min at 0.84 mW cm−2 (3.5 kJ m−2). Immediately after irradiation, cells were 

treated with a 0.4% w/v trypan blue solution for 10 min at room temperature. Blue stained 

cells were counted as nonviable cells using a light microscope.

The observed phototoxicity of P-Glu4 on the three cell lines corresponds to their uptake as 

determined by their fluorescence images. P-Glu4 has the highest affinity toward 3Y1v-Src 

cells, and 45% of these cells are rendered nonviable under these PDT conditions using 20 

µM conjugate. Consistent with the uptake assays, the percentage of nonviable 3Y1c-Src and 

3Y1 cells under the same PDT conditions decreases to 30 and 10%, respectively (Figure 7).

(c) Photocytotoxicity:Apoptosis.—As with the MDA-MB-231 cells, a PARP 

cleavage assay was used as an indication of apoptosis in all three 3Y1 cell lines post-

photodynamic treatment (Figure 8). No PARP cleavage is observed in control experiments 

on the three 3Y1 cell lines (no irradiation or porphyrin, with irradiation but no porphyrin, or 

with porphyrin but no irradiation), which indicates that there is no apoptotic induction 

without both P-Glu4 and light. Detailed analysis of the apoptotic response of these cells to 

photodynamic treatment with P-Glu4 will be the subject of a later report.

The cells were incubated with 8 µM P-Glu4 for 24 h, whereupon the medium was changed 

just prior to irradiation to ensure that no unbound porphyrins remain in the medium. Cells 

were irradiated at 0.84 mW cm−2 for 3.5 min (1.764 kJ m−2). Nine hours later, the cells were 

collected and lysed, and the lysate was analyzed by a Western blot. As it is shown in Figure 

8, there is no PARP cleavage in normal 3Y1 rat fibroblasts, an intermediate degree of PARP 

cleavage in the partially transformed 3Y1c-Src cells is observed, and the transformed 

3Y1v-Src cells exhibit the most PARP cleavage.

(d) 3Y1 Conclusions.—These results reinforce the MDA-MB-231 results in that the P-

Glu4 conjugate has good selectivity for the transformed cells over normal cells. Both 

necrosis and apoptosis are a consequence of the photo-dynamic treatment of the transformed 

cells and correlate with the extent of P-Glu4 uptake. The extent of both necrosis and 

apoptosis increases in the order of fully transformed cells (3Y1v-Src) > partially transformed 

cells (3Y1c-Src) > normal rat fibroblasts (3Y1).

CONCLUSION

The formation of saccharide conjugates to porphyrins and related compounds can be 

accomplished in high yields in one or two steps by using thiosaccharides and a pentafluoro-

phenyl group on the macrocycle. The thio-linker results in a porphyrin-saccharide conjugate 

that is nonhydrolizable under physiological conditions-enzymatically or by reduced pH. In 

the present studies, we used the symmetric tetra-substituted TPPF20; however, different 

pentafluorophenyl porphyrin substitution patterns with one to three saccharides may be 

readily formed by using less than 4 equiv of the thiosugar and chromatographic separation. 

These later derivatives would have different octanol/water partition coefficients and thus 

different activities. The significantly enhanced uptake of the P-Glu4 derivative over the P-

Gal4 derivative by aggressive malignant MDA-MB-231 and the transformed 3Y1v-Src cells 
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indicates this is a viable strategy for targeting cancer cells. Importantly, the fact that normal 

3Y1 fibroblasts absorbed the P-Glu4 to a much lesser extent than the transformed 3Y1v-Src 

cells indicates that discrimination between healthy and cancerous cells is achievable by 

using simple sugars. Furthermore, P-Glu4 and P-Gal4 are effective PDT agents as they 

induce cell death by necrosis and/or apoptosis, depending on the concentration of the 

conjugate and on the light exposure. At still lower concentrations of the porphyrin and light 

exposure, cells are rendered less aggressive as indicated by significantly reduced mobility. 

The apoptosis and mobility observations may indicate that the PDT methodology using P-

Glu4 or P-Gal4 remains effective even when there is poor light penetration and low 

concentrations of the porphyrin-saccharide conjugate.

There are a number of reports on the potential of glycosylated porphyrins as PDT agents; 

however, the major conclusion that can be made is that the complex interplay between 

structure lipophilicity and the extent of cell binding/ uptake differs widely from system to 

system. The field lacks a set of standardized protocols that make rigorous comparisons of 

results from different labs difficult if not impossible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1: 
(A) UV-vis spectrum of ~2 µM P-Glu4 in methanol, where the inset is 5. (B) Fluorescence 

emission spectra of TPP, TPPF20, P-Glu4, and P-Gal4. The concentrations were 0.813, 

0.718, 0.360, and 0.336 µM, respectively, in methanol, taken under identical instrumental 

conditions, and the spectra are normalized to the same molarity.
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FIGURE 2: 
P-Glu4 is preferentially taken up by human breast cancer MDA-MB-231 cells over P-Gal4. 

Cells were treated with 10 µM glycosylated porphyrin for 24 h, rinsed, and fixed with a 4% 

paraformaldehyde solution. Fluorescence images were taken under identical conditions. 

R,G,B vector analysis of the unmodified images indicates the average relative fluorescence 

intensity, taken to be proportional to the extent of conjugate uptake by these cells, is 2.3:1 

for P-Glu4/P-Gal4.
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FIGURE 3: 
Photocytotoxic effects on human breast cancer MDA-MB-231 cells. Nonviable cells were 

counted with hemacytometer after staining with 0.4% w/v trypan blue. (A) MDA-MB-231 

cells were treated with 20 µM P-Glu4 for 24 h, rinsed by exchanging the growth medium, 

and irradiated under a white 13 W fluorescent light (0.94 mW cm−2 for 20 min; 11.28 kJ m
−2). The nonviable cells were counted at various lengths of time after photodynamic 

treatment. (B) MDA-MB-231 cells were treated with various concentrations of P-Glu4 (•) or 

P-Gal4 (ï) for 24 h, rinsed by exchanging the growth medium, and irradiated under a white 

13 W fluorescent light (0.94 mW cm−2 for 20 min; 11.28 kJ m−2). Six hours after 

photodyamic treatment, nonviable cells were counted. Control experiments with no light 

show that MDA-MB-231 cells remain viable in the presence of the porphyrin-saccharide 

conjugates (▼, ▼). (C) MDA-MB-231 cells were treated with 20 µM P-Glu4 for 24 h, rinsed 

by exchanging the growth medium, and irradiated under a white 13 W fluorescent light (0.94 
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mW cm−2) for various lengths of time. Six hours after photodynamic treatment, nonviable 

cells were counted. Each data point represents an average ± SD from at least three 

independent measurements.

Chen et al. Page 21

Biochemistry. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4: 
Detection of poly-ADP-ribose-polymerase (PARP) cleavage in human breast cancer MDA-

MB-231 cells as an indication of apoptosis. MDA-MB-231 cells were treated with 20 µM P-

Glu4 for 24 h and irradiated with a 13 W fluorescent light (0.27 mW cm−2 for 10 min; 1.62 

kJ m−2), and 9 h after irradiation, cells were collected and lysed. The supernatant of the 

lysate was applied to Western blot to detect PARP cleavage. Lane 1: with no irradiation or P-

Glu4; lane 2: with irradiation but no P-Glu4; lane 3: with P-Glu4 but no irradiation; and lane 

4: with P-Glu4 and irradiation.
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FIGURE 5: 
Low concentrations of P-Glu4 and low light irradiation inhibit cell migration. Reduced cell 

migration of human breast cancer MDA-MB-231 cells after nonlethal photodynamic 

treatment. Cells were treated with 0 or 10 µM P-Glu4 for 24 h and transferred to the Biocoat 

filters and irradiated under 13 W fluorescent light at 0.25 mW cm−2 for 5 min (0.75 kJ m−2). 

Cells were kept in dark, left to migrate for 18 h, and stained. The images were taken using a 

phase contrast light microscope.
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FIGURE 6: 
P-Glu4 is preferentially taken up by transformed 3Y1v-Src cells as compared to partially 

transformed 3Y1c-Src cells and nontransformed 3Y1 cells. Cells were treated with 10 µM P-

Glu4 for 24 h before fixing with a 4% paraformaldehyde solution. Fluorescence images were 

taken under identical conditions. The relative fluorescence intensity is 1:2.3:3.2.
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FIGURE 7: 
(A) Photocytotoxic effects of various concentrations of P-Glu4 and P-Gal4 on 3Y1v-Src cells 

are compared using 5.76 kJ m−2 white light (0.96 mW cm−2 from a 13 W fluorescent bulb 

for 10 min), where nonviable cells were visualized with trypan blue staining 5 h after 

treatment. (B) The photocytotoxic effects of various concentrations of P-Glu4 on 

transformed 3Y1v-Src, partially transformed 3Y1c-Src, and normal 3Y1 cells using 3.53 kJ m
−2 white light (0.84 mW cm−2 from a 13 W fluorescent bulb for 7 min), where necrotic cells 

were visualized with trypan blue staining immediately after treatment. (C) The 

photocytotoxic effects of 10 µM P-Glu4 on transformed 3Y1v-Src using 11.52 kJ m−2 white 

light (0.96 mW cm−2 from a 13 W fluorescent bulb for 20 min). Nonviable cells were 

counted at various lengths of time after photodynamic treatment. Each data point represents 

an average ± SD from at least three independent measurements.
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FIGURE 8: 
Different degrees of PARP cleavage in fully transformed (3Y1v-Src), partially transformed 

(3Y1c-Src), and normal (3Y1) rat fibroblasts as indications of apoptosis. 3Y1, 3Y1c-Src, and 

3Y1v-Src cells were treated with 8 µM P-Glu4 for 24 h. Cells were irradiated at 0.84 mW cm
−2 for 3.5 min (1.76 kJ m−2), and 9 h later the cells were collected and lysed. The 

supernatant of the lysate was applied to Western blot to detect PARP cleavage. Lane 1: 3Y1 

cells with no photodynamic treatment; lane 2: 3Y1c-Src cells with no photodynamic 

treatment; lane 3: 3Y1v-Src cells with no photodynamic treatment; lane 4: 3Y1 cells with 

irradiation but no P-Glu4; lane 5: 3Y1c-Src cells with irradiation but no P-Glu4; lane 6: 

3Y1v-Src cells with irradiation but no P-Glu4; lane 7: 3Y1 cells with P-Glu4 but no 

irradiation; lane 8: 3Y1c-Src cells with P-Glu4 but no irradiation; lane 9: 3Y1v-Src cells with 

P-Glu4 but no irradiation; lane 10: 3Y1 cells with irradiation and P-Glu4; lane 11: 3Y1c-Src 

cells with irradiation and P-Glu4; and lane 12: 3Y1v-Src cells with irradiation and P-Glu4.
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Scheme 1: 
Structures of P-Glu4 and P-Gal4
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Scheme 2: 
Thioacetate Sugar Derivative (A) Is More Stable than the Free Thiol. (B) Synthesis of P-

Glu4 and P-Gal4 Can Be Accomplished Using the Protected Sugar Followed by 

Deprotection or Directly by Using the Unprotected Sugar (C)
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