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Porphyrins have served as common photosensitizing agents in photomedicine due to their unique

properties and broad therapeutic potential. While photodynamic therapy (PDT) offers a promising avenue

for novel drug development, limitations in application due to selectivity, and the inherent hydrophobicity

and poor solubility of porphyrins and other organic photosensitizers has been noted. Porphyrin

glycoconjugates have recently gained attention for their potential to overcome these limitations.

However, little has been done to explore the effects of the linker between the carbohydrate and

porphyrin analog. Here we report the synthesis of over 30 new carbohydrate–porphyrin conjugates

which vary in the nature of the sugar (Gal, Glc, GalNAc, GlcNAc, Lac and Tre) and the distance between

the porphyrin macrocycle and the carbohydrate. Porphyrin glycoconjugates were synthesized in three

steps from a readily available meso-brominated diphenylporphyrin analog by (i) C–O coupling of an

appropriate TMS-protected alkynol consisting of two to six carbon spacers (ii) removal of the TMS

protecting group, and (iii) CuAAC conjugation with an appropriate glycosyl azide. First studies with

trehalose-based glycoporphyrins and M. smeg were used to determine the effects of the linker in

photodynamic inactivation (PDI) studies. Preliminary results demonstrated an increase in photodynamic

inactivation with a decrease in linker length. Investigations are underway to determine the mechanism

for these results.
Recently, porphyrins have gained traction as common photo-
sensitizing agents in photomedicine due to their unique elec-
tronic structures, photochemical properties, and broad
therapeutic potential.1 Specically, porphyrins have found use
in photodynamic therapy (PDT) for the treatment of certain
cancers, dermatological disorders, microbial diseases, and
other localized infections.2,3 While PDT offers a promising
avenue for novel drug development in governing highly-
selective methods of treatment, limitations in application due
to the inherent hydrophobicity and poor solubility of porphy-
rins and other organic photosensitizers has been noted.4–6 To
overcome solubility issues, zinc insertion has been shown to
increase the lipophilicity of compounds, resulting in reduced
rtanburg, SC, USA. E-mail: RuppelJ@
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aggregation, increased vesicle and cell uptake, more effective
membrane binding and photooxidation, as well as higher
specicity in target site delivery.7 Glycosylation of various
porphyrin systems has also proved to be an effective strategy in
expanding both water-solubility and specicity in organic
photosensitizers,8 and has been shown to facilitate carbohy-
drate–protein interactions in cellular recognition.9,10 Addition-
ally, the distance between the sugar and the porphyrin
macrocycle, which can be modulated by linker length, is
another feature with the potential to factor into the application
and effectiveness of glycoporphyrins within biological systems.

Carbohydrate–protein interactions are ubiquitous in nature
and play fundamental roles in diverse biological processes
including inammation, cellular adhesion, molecular recogni-
tion, catalysis, pathogenic infections, and signal transduction
events.11–13 Because glycoproteins and glycolipids represent
major components on the outer surface of most mammalian
cells,11,13 carbohydrate–protein interactions are oen involved
in the initial point of contact for adhesion, recognition,
attachment, and colonization for microorganisms, toxins,
RSC Adv., 2021, 11, 7037–7042 | 7037
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Scheme 1 Pd-catalyzed C–O cross-coupling of 1 with a series of
protected alkynylated alcohols (2a–2e).
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lectins, antibodies, and pathogens.14 Thus, the presentation
and expression of glycosylated structures on cell surfaces plays
an important role in promoting certain carbohydrate–protein
binding events towards specic target structures in biological
systems. Understanding the molecular principles that
contribute to the underlying features of these crucial and
widespread carbohydrate–protein interactions is an area of
great interest, especially in the development of novel diagnos-
tics and therapeutics, which oen focus on targeting important
biological processes involved in or mediated by carbohydrate–
protein binding events.

Unlike other biological polymers such as proteins and
nucleic acids, carbohydrates offer the unique potential for
diverse structural architectures in natural and synthetic chem-
istry.13 This is important, since linker morphology and length
can have a signicant impact on the ability of carbohydrates to
bind to specic proteins. For example, Engel and co-workers
demonstrated that linker size could be tuned in order to
increase the photo efficiency of liposome carriers utilized in
PDT.15 Freichel and co-workers additionally reported the
signicance of linker diversity on glycomacromolecular
systems,16 highlighting the potential impact of both linker
length and morphology on carbohydrate–lectin binding affini-
ties.17–19 Temme et al. further examined features contributing to
carbohydrate–lectin binding proles, noting that linker length
as well as linker composition, in addition to differences in
glycan densities, signicantly contributed to variability factors
across microarray binding proles.20 Similarly, Kilcoyne and co-
workers analyzed the impact of linker proles on carbohydrate–
lectin microarray binding, reporting higher yields of carbohy-
drate recognition among lectins of interest when using a more
exible linker.21 Interestingly, Pertici et al. presented a rigid
spacer with exible ends as an extremely potent lectin inhib-
itor,22 while Reynolds and co-workers described the importance
of both linker rigidity and exibility from a thermodynamic
perspective in terms of maximizing binding avidity in multiva-
lent carbohydrate–protein binding systems.23 Although a variety
of factors can impact carbohydrate–protein binding interac-
tions, these ndings demonstrate both the utility and ubiquity
of spacers to optimize carbohydrate-mediated binding interac-
tions in biological systems, and highlight the vast potential for
the development of novel therapeutics within rational drug
design and synthetic chemistry.

As part of our on-going program to develop biologically
relevant carbohydrate–porphyrin conjugates, we are interested
in exploring new methods in the synthesis of various photo-
sensitizer analogs with different linker lengths. Herein, we
report the synthesis of over 30 new carbohydrate–porphyrin
conjugates with different linkers and sugar moieties including
glucose (Glc), galactose (Gal), N-acteylglucosamine (GlcNAc), N-
acetylgalactosamine (GalNAc), and the disaccharides lactose
(Lac) and trehalose (Tre) to further study single carbohydrate–
protein interactions.

Expanding on our previous work in which we utilized copper-
promoted azide–alkyne cycloaddition to create carbohydrate
conjugates of porphyrins, bacteriochlorins, and phthalocya-
nines,8,24,25 we sought to vary the distance between the
7038 | RSC Adv., 2021, 11, 7037–7042
carbohydrate moiety and the photosensitizer. We found that
utilizing a Pd-catalyzed cross-coupling strategy allowed for the
development of a series of alkynylated porphyrins made from
a common brominated porphyrin precursor (Scheme 1).26–28

C–O cross-coupling of brominated diphenylporphyrin (1) and
a series of protected alkynylated aliphatic alcohols (2a–e) fol-
lowed by deprotection provided the desired alkynylated
porphyrins in respectable yields for the two-step process
(Scheme 1). It is worth noting that attempts to produce the
alkynylated porphyrin analog from the n ¼ 1 protected alkyny-
lated alcohol resulted in only trace amounts of the desired
product.

Once the series of alkyl-linked alkynylated porphyrins was
obtained, our goal was to create a library of glycoconjugates
using a copper-promoted azide–alkyne cycloaddition (CuAAC)
protocol with a small library of azido mono- and di-saccharides
(Scheme 2). In our previous work, we found that tuning the
acidic or basic conditions of the CuAAC protocol was important
to improve yields.24 Although our previous study seemed to
indicate that the acidic conditions would prove to generate high
yields, we were surprised to initially nd that using the acidic
CuAAC conditions led to lower than expected yields (40%).
Utilizing a base-promoted variant, specically using excess
base,24 we found that yields were dramatically improved.

As shown in Scheme 2, the base-promoted CuAAC glyco-
conjugation of the alkynylated porphyrins with a series of
acetylated-azido carbohydrates produced 30 unique porphyrin
glycoconjugates in high to excellent yields. The mono-
saccharides (4–7) utilized in this study were especially effective,
providing yields of greater than 90% in most cases. Likewise,
the disaccharides lactose (8) and trehalose (9) were well toler-
ated and produced in high yields, although the trehalose
derivatives were obtained in slightly lower yields (80–88%). We
found that this system was highly reproducible, nding only
a slight variation in the obtained yield (�2%) across multiple
trials (Scheme 2). The base-promoted CuAAC glycoconjugation
strategy did not seem to be sensitive to the length of the linker
(n ¼ 2–6) and the slight variations found in isolated yields was
likely due to product loss during purication.

Upon synthesis, we chose to further analyze trehalose
diphenylporphyrin (DPP) derivatives in rst studies to demon-
strate the potential utility of such compounds within biological
settings, especially in targeting localized bacterial infections
with PDT. Because trehalose is an important metabolite for
many types of mycobacteria, compounds containing trehalose
have been used effectively for both diagnostic and therapeutic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Glycoconjugation of a series of alkynylated DPP derivatives via copper-promoted azide–alkyne 1,3-dipolar cycloaddition (CuAAC).a
aReactions were carried out at 50 �C for 48 h under N2 in DMF with 10 mol% of CuI and 100 eq. of DIPEA. bReaction carried out with 10 mol% of
CuSO4$5H2O and 50 mol% of ascorbic acid. cAverage of 2 trials.
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studies.8,24 Such applications rely on the nondiscriminatory
enzyme, antigen 85 (Ag85A, Ag85B, Ag85C), to incorporate units
of trehalose esters into the mycomembrane of mycobacteria via
transesterication reactions between units of free trehalose
Fig. 1 Trehalose diphenylporphyrin glycoconjugates used in preliminary

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Tre), trehalose monomycolate (TMM), and trehalose dimyco-
late (TDM).24 Given the diverse substrate tolerance of Ag85,
exploitation of this enzyme could present as an effective and
highly selective pathway for drug delivery to treat a wide variety
cell viability studies.

RSC Adv., 2021, 11, 7037–7042 | 7039
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Fig. 3 Cell viability of compounds 16b–d at 20 mM against M. smeg
relative to control.
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of mycobacterial infections. Indeed, Bertozzi and co-workers
demonstrated that 4-N,N-dimethylamino-1,8-naphthalimide-
trehalose, or DMN-Tre, could be metabolically incorporated
into Mycobacterium tuberculosis (Mtb) and used as a sol-
vochromic diagnostic.29 In addition, Dutta and co-workers
recently synthesized a series of trehalose-based photosensi-
tizers, including porphyrin and BODIPY-based systems; the two
BODIPY dyes were able to adequately kill Mycobacterium smeg-
matis (M. smeg) in the mM range, while the porphyrin systems
showed limited cytotoxicity.30

Since linker morphology and length have been shown to
impact specic carbohydrate–protein binding interactions, we
were interested in exploring the functional applications of our
compounds within this context. As an example, compounds
16a–e and 17 (Fig. 1) were biologically evaluated in vitro against
M. smeg in photodynamic inactivation (PDI) studies.

To investigate the relative biological activities between
similar compounds with different linker lengths, a resazurin
assay was performed,30 yielding both qualitative and quantita-
tive results for analysis. As oxidation reactions occur within the
metabolism of growing cells, the blue resazurin dye is reduced
and converted into resorun, a pink uorescent dye, providing
a qualitative visual indicator of relative cell viability. We rst
chose to examine the shortest and longest analogs, 16a and 16e,
respectively, at 10 mM. This value was selected due to our
previous ndings using a meso analog with zero carbon spacer
units (17).31 Upon irradiation, visual examination revealed that
the trehalose conjugate with the two carbon linker, 16a,
exhibited higher levels of cytotoxicity againstM. smeg compared
to 16e with the six carbon linker (Fig. 2A). To quantitatively
determine the relative cytotoxic effects of 16a and 16e, the
percentage of reduced resazurin was calculated from raw data,
and standardized to allow for relative comparison (Fig. 2B).
Compounds 16a performed similar to 17 and was superior to
16e in cell killing.
Fig. 2 (A) Qualitative visual indicator of relative cell viability of
compounds 16a, 16e, and 17 at 10 mM, performed in triplicate. (B) Cell
viability of compounds 16a, 16e, and 17 against M. smeg relative to
control.

7040 | RSC Adv., 2021, 11, 7037–7042
In order to assess the intermediate length compounds 16b–
d we chose to double the concentration to 20 mM to increase cell
killing. The results are shown in Fig. 3. As the length of the
linker increased from three carbons, 16b, to ve carbons, 16d,
cell viability increased, further demonstrating conjugates with
shorter linkers are more effective at killing M. smeg (Fig. 3).
Notably, all conjugates (16a–e) showed limited dark toxicity.
Previous research has demonstrated that it is likely these
compounds have the potential to be metabolically incorporated
into the mycomembrane.30 We hypothesize in this case that the
longer linker most likely interferes with metabolic incorpora-
tion. Elucidation of the mode of action for cell killing is
currently underway.
Conclusion

Herein, we report on the synthesis of a series of new porphyrin
glycoconjugates. These compounds, which vary in the distance
between the porphyrin macrocycle and the carbohydrate, were
synthesized rst by C–O coupling of an appropriate TMS-
protected alkynol consisting of two to six carbon spacers to
a meso-brominated diphenyl porphyrin analog. Aer removal of
the TMS protecting group, CuAAC conjugation with the appro-
priate glycosyl azide was performed. The nal conjugates were
obtained in high yields and with high purity. A series of
trehalose-based porphyrin glycoconjugates were then applied in
rst studies against M. smeg to ascertain whether the linker
length has an impact on cell killing in PDI studies. Preliminary
results demonstrated an increase in cell killing with a decrease
in linker length. Investigations are underway to determine the
mechanism for these results.
Experimental section
General considerations

All starting materials were synthesized following published
literature procedures from commercially available reagents and
solvents.32–36 1H NMR and 13C NMR were obtained using
a Bruker Advance III 400 with Sample Xpress Lite auto sampler.
UV/Vis spectra were obtained in DMSO using an Agilent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Technologies Cary 8454 UV/Vis spectrometer. High-resolution
mass spectra were obtained on an Agilent Technologies 6520B
Accurate-Mass Q-TOF MS with a Dual ESI ion source interfaced
to an Agilent Technologies 1260 Innity II LC. MALDI
measurements were made with a MassTech AP-MALDI(ng) HR
ion source attached to the Agilent 6520B Q-TOF MS using
a CHCA matrix.

General procedure for the Pd-catalyzed C–O cross coupling of
1 (Scheme 1)

ZnBrDPP (1) (194 mg, 0.32 mmol), Pd(OAc)2 (3.6 mg, 0.016
mmol), xantphos (18.5 mg, 0.032 mmol), and Cs2CO3 (209 mg,
0.64 mmol) were added to a dry Schlenk tube and evacuated
with stirring for 45 minutes. The protected alkynyl alcohol (2a–
e, 0.64 mmol) and toluene (8 mL) was added under nitrogen
atmosphere and the Schlenk tube was capped. The mixture was
placed in an oil bath at 90 �C for 18 hours. The crude reaction
mixture was concentrated under vacuum and puried using
ash chromatography (silica gel, hexanes : DCM, 50 : 50). Aer
concentrating under vacuum, the residue was dissolved in
a minimum amount of THF and allowed to cool to 0 �C in an ice
bath. TBAF (1 M solution in THF, 3 molar equivalents) was
added to the solution. The reaction mixture was allowed to
warm to room temperature and stirred for an additional 15
minutes. Upon complete deprotection as evidenced by TLC
(hexanes : DCM, 20 : 80), the reaction mixture was extracted
with DCM, washed with water, dried over Na2SO4, ltered, and
concentrated under vacuum. The reaction mixture was puried
by automated chromatography (Teledyne ISCO Combiash Rf+)
using a Redisep Rf 12 gram, 16.8 mL column with a ow rate of
32 mL min�1 (hexanes/methylene chloride gradient, 100 : 0 to
0 : 100) to remove impurities. Characterization data and copies
of 1H and 13C NMR spectra for compounds 3a–3e can be found
in the ESI.†

General procedure for carbohydrate conjugation

Alkyne-Cn-ZnDPP (0.027 mmol), the azido-carbohydrate (0.025
mmol), and copper iodine (10 mol%) were added to a dry
Schlenk tube and evacuated with stirring for 45 minutes. DMF
(2.5 mL) and DIPEA (0.4 mL) were added under nitrogen
atmosphere and the Schlenk tube was capped. The mixture was
placed in an oil bath at 50 �C for 48 hours. The mixture was
extracted withmethylene chloride (3�), washed with water (3�),
dried over Na2SO4, ltered, and concentrated under vacuum.
The reaction mixture was puried by automated chromatog-
raphy (Teledyne ISCO Combiash Rf+) using a Rf 12 gram,
16.8 mL column with a ow rate of 32 mL min�1 (hexanes/
acetone gradient, 100 : 0 to 0 : 100) to remove impurities.
Characterization data and copies of 1H and 13C NMR spectra for
the glycoconjugated products can be found in the ESI.†

General procedure for deacetylation of trehalose porphyrin
glycoconjugates

Acetate protecting groups were removed in a 15 mL 0.25% wt
NaOCH3 in MeOH solution that was le to stir for 1 hour. The
reaction was monitored by TLC in 1 : 1 EtOAc : hexanes until
© 2021 The Author(s). Published by the Royal Society of Chemistry
full conversion was observed. The solution was subsequently
neutralized with methanol-washed Amberlite™ IR120 H form
ion-exchange resin, ltered, dried with Na2SO4, concentrated,
and dried in vacuo to afford the deprotected product, conrmed
by HRMS.

Optical density studies

Optical density studies were modeled off of a protocol pub-
lished by Dutta and co-workers.30 Liquid M. smeg cell cultures
were prepared by culturing freeze dried M. smeg (ATCC®
19980™) in 5 mL Middlebrook 7H9 media vials with 10% w/v
TWEEN 80 growth medium. Vials were loosely capped and
incubated with shaking at 37 �C for 48–72 hours. The liquid cell
cultures were stored at 4 �C and resuspended by gentle vortex-
ing before use in cell assays. Cell stock was diluted into Mid-
dlebrook 7H9 media with 10% w/v TWEEN 80 growth medium
to generate cell solutions with OD600 ¼ 0.01 at 600 nm (Varian
Cary 100 Bio UV-Visible Spectrophotometer).

General procedure for irradiation studies

Two identical 96-microwell plates (Thermo Scientic, Nunclon
Delta Surface, Cat. No. 167008, Lot No. 137647) were prepared
using stock solutions ranging from 0.44–1.2 mg mL�1 of com-
pounds16a–e and 17 suspended in DMSO. 17 mM wells of each
trehalose diphenylporphyrin compound were plated in tripli-
cate to yield nal volumes of 100 mL. Blank control wells were
set up in triplicate by adding 100 mL Middlebrook 7H9 media
vials with 10% w/v TWEEN 80 growth medium into each well.
100 mL 1 : 10 DMSO/media control wells were also set up in
triplicate. An additional 50 mL of the OD600 ¼ 0.01 M. smeg cells
was subsequently added to each well on both plates, to yield
nal volumes of 150 mL in each well, with compound well
concentrations at 10–20 mM. The plates were wrapped to block
ambient light and incubated at 37 �C with shaking. Aer 24
hours, the “Light” plate was irradiated for 80 minutes to deliver
80 J cm�2 of 415 nm light, while the “No Light” plate was kept in
the dark for the same 80 minutes. 20 mL of 0.1 mg mL�1 resa-
zurin solution (R&D Systems, Cat. No. AR002, Lot No. 1549220)
was subsequently added to each well on both plates. The plates
were again wrapped and incubated at 37 �C with shaking for an
additional 24 hours. Absorbance values were read on a micro-
plate reader (BioTek Synergy H1) at 570 nm (resorun) and
602 nm (resazurin) to yield raw data.
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