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Abstract 

Pathogen-associated molecular patterns (PAMPs) are molecular motifs of microbes that are not 

produced by the host. PAMPs are recognized by pattern recognition receptors that lead to the 

activation of a host immune response. As such, they are promising molecular scaffolds for use in 

immune modulating therapies; however, there are challenges associated with translating them to 

the clinic. D-glycero-β-D-mannoheptose 1-monophosphate (HMP) is an example of a PAMP with 

a carbohydrate scaffold that shows promise for use as an immune agonist. However, administering 

this sugar without chemical modifications requires cell membrane permeabilization due to its 

limited ability to enter cells. Finding a route to administer this PAMP without altering the cell 

membrane is a significant challenge and limits its testing in animal models and potential use as a 

drug. To address this, we proposed to conjugate D-glycero-β-D-mannoheptose 1-monophosphate 

to spherical nucleic acids, which are DNA-nanoparticle conjugates known to enter cells unaided. 

In this work, a large-scale synthesis of aminoethyl-D-glycero-β-D-mannoheptose 1-

monophosphate was performed. The incorporation of an amine on this compound enabled its 

derivatization with an azide to form N3-PEG4-7-O-(amidoethyl)-D-glycero-β-D-manno-

heptopyranose phosphate, which was conjugated to dibenzocyclooctyne (DBCO)-functionalized 

oligonucleotides synthesized by the Bujold group at McMaster University. These N3-PEG4-7-O-

(amidoethyl)-D-glycero-β-D-manno-heptopyranose phosphate-functionalized oligonucleotides 

were then densely functionalized onto gold nanoparticles to form the desired spherical nucleic 

acids.  
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Aims of this work 

This study aims to improve the uptake of D-glycero-β-D-mannoheptose 1-monophosphate 

(HMP) in the HCT 116 cell line. This cell line was selected because it expresses the scavenger 

receptor-A and was used in prior studies with HMP. The first aim was to synthesize an HMP 

derivative with an azide group to enable its conjugation via click chemistry to oligonucleotides 

containing DBCO at the 5’ end and a thiol at the 3’ end (Figure 1). The second aim was to conjugate 

the DNA-HMP conjugates onto gold nanoparticles to form SNAs. The third aim was to administer 

these SNAs (1) to HCT 116 cells then measure the IL-8 response using ELISA, and use confocal 

microscopy, as well as flow cytometry to assess if uptake has improved (Figure 2).  

 

Figure 1. Panel A: Organic synthesis of HMP-DNA-thiol conjugates. These were then 

functionalized onto gold nanoparticles to form SNAs. Panel B: Uptake and activity studies of β-

HMP-SNAs in comparison to β-HMP using flow cytometry and IL-8 response measurement via 

ELISA  
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Figure 2. Cell uptake studies done using fluorescently labeled β-HMP-SNAs. Uptake will be 

analyzed using flow cytometry and confocal microscopy. Panel B: IL-8 response studies in 

which HMP construct is administered to HCT 116 cells. IL-8 response is measured using ELISA 

assay 
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Chapter 1: Introduction to Heptose Phosphates 

1.1 Biological relevance of heptose phosphates 

HMP, HBP, and ADP-Heptose are intermediates from the bacterial ADP-Heptose 

biosynthetic pathway.1 Unique bacterial carbohydrates of this type are of particular interest, 

especially for adjuvant development due to their ability to function as PAMPs. PAMPs are 

molecular motifs produced by microbes that are recognized by pattern recognition receptors. 

Subsequently, this leads to host immune activation. Adjuvants are molecules that modulate the 

human immune response, which is desirable when trying to increase immunity to a disease. 

Adjuvants can be applied in the attempt to treat disease as seen in the HIV Kick and Kill approach. 

In pathogenic bacteria the ADP-Heptose biosynthetic pathway contributes to the generation of 

lipopolysaccharides, many of which are highly immunogenic. HMP, HBP, and ADP-Heptose from 

this pathway induce immune activation, while intermediates S7P and HMP-7 do not. The 

difference in activity between these two groups are due in part to the anomeric β-phosphate group 

as shown in Figure 3.1 
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Figure 3. ADP-Heptose biosynthetic pathway involved in LPS generation in neisserial species 

 

PAMPs have a long history of being effective adjuvants.2 For example, CpG 

oligonucleotides are PAMPs that are agonists of TLR9 and have been used as adjuvants in the 

Leishmania vaccine candidate.3–6 PAMPs have the ability to improve the effectiveness of an 

immune response.7 An antigen-specific immune response could be modulated and optimized by 

using a PAMP, which would provide a pathway to more effective treatments.7 If these heptose 

phosphates can generate a biologically relevant immune response, they may be considered for use 

in multiple therapeutic applications including addressing latency HIV-infected cells, as a vaccine 

adjuvant, or in cancer immunotherapy.1,8–10 

1.2 Clinical relevance of HMP 

As of 2022, 39 million people worldwide are living with HIV.11 In contrast from the early 

1980s, there now exists multiple treatments that enable people living with HIV to live long and 

healthy lives. These treatments are called antiretrovirals (ART)11. ART treatments can be 
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composed of integrase, nucleoside reverse transcriptase, non-nucleoside reverse transcriptase, and 

protease inhibitors12. Without reliable access and treatment, HIV infection will progress and lead 

to AIDS. Although, available and highly effective treatment are available there remains possible 

health concerns due chronic drug exposure, challenge of obtaining medication when a refill is 

needed, and the high cost of these life-saving drugs.13 

At the time of the writing of this thesis, there is not a cure for HIV. Through adherence to 

treatment plans, individuals can suppress the viral load in their body. With an adequate level of 

suppression that is observed it becomes impossible to transmit HIV through sex14. It is key to note 

that stopping the treatments would cause viral rebound and disease progression would begin once 

again.15 For this reason, among others it is in the best interest of the public to develop a cure for 

HIV. 

The Kick & Kill strategy is an approach to eliminate HIV that is currently being 

developed.16 This approach uses LRAs to increase HIV transcription and viral protein expression. 

The theory is that when virions are expressed in latently infected cells after activation with a 

LRA(Kick step), infected cells can be eliminated via immune-mediated clearance (Kill step).16  

We know that HMP activates NF-kB and that NF-kB is hijacked by HIV so it transcribes 

viral proteins.1,17 Thus HMP could potentially be a LRA.18,19 

 

1.3 Nomenclature and classification of heptose phosphates 

 Heptose phosphates are exogenous to mammals and are produced in most Gram-negative 

bacteria such as Neisseria gonorrhoeae.20 These molecules are intermediates from the biosynthesis 

of lipopolysaccharides.20 D-glycero-β-D-manno-heptopyranose phosphates (Figure 4) are seven 
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carbon atom carbohydrates that are interesting because of the possibility that they can be used as 

immune agonists or adjuvants. Carbohydrates are defined as polyhydroxy aldehydes (H-[CHOH]n-

CHO) or polyhydroxy ketones (H-[CHOH]n-[CHOH]m-H) with at least three carbon atoms. 21 The 

relative configuration of stereogenic centers in aldose sugars are described in groups of up to four 

stereogenic centers, starting with the group that is adjacent to carbon one (Figure 5).21 The heptoses 

in Figure 4 demonstrate the relative stereochemistry of mannose exists at the reducing end while 

a single stereocenter (glycerol) exists at the non-reducing end. 

 

 

Figure 4. Heptose phosphates as PAMPs 

 

Figure 5. Fisher projection of D-glycero-β-D-manno-heptopyranose 

 

The absolute configuration of carbohydrate stereocenters is then described using the D and 

L stereochemical descriptors. These descriptors are part of the Fischer-Rosanoff nomenclature 
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convention, where the molecule is drawn in a Fischer projection with the highest oxidation state 

at the top and the carbon chain in a vertical line down. The substituents are then added to the chain 

and if the higher priority substituent is on the right side, it is given the D descriptor and if the 

substituent is on the left side, it is given the L descriptor. To apply these descriptors in carbohydrate 

nomenclature, the last stereogenic center (highest numbered center) from  group of stereocenters 

described by the relative stereochemistry descriptor (such as manno) is used to set the absolute 

configuration of all the centers in the descriptor.21 A final key stereochemical element remains in 

carbohydrates and is found at the anomeric center.  This center has unique reactivity and can be 

found in either stereochemical configuration or under some conditions can interconvert 

(mutarotation).  The α and β stereochemical descriptors are used to describe the two configurations 

of the anomeric center (C-1 in all aldoses) and isomers at this site are called anomers.21 Thus the 

D-glycero-β-D-manno prefixes describe unambiguously all the stereochemical elements in this 

molecule. 

These carbohydrates are labelled as heptoses since they are monosaccharides that have 

seven carbon atoms. These molecules were recently discovered to activate an immune pathway.1,20 

The activation is in part due to the anomeric phosphate being in the β-position. This discovery led 

to these heptose phosphates being classified as PAMPs.22 

 

1.4 Synthetic approaches to heptose phosphates and derivatives 

There has been a considerable amount of work completed regarding heptose phosphates, 

including ADP-Heptose, the subject was reviewed extensively.23,24 Synthesis of heptose 

phosphates generally involve protection, elongation, phosphorylation, then are concluded with 
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total deprotection when using D-mannose as a starting material. In the syntheses published, there 

are variations such as how phosphorylations, elongations, and deprotections are performed. 

Modified heptose phosphates can also be synthesized to improve cell uptake and facilitate 

conjugation with molecular probes.23 For example, at the 7-O-position of D-glycero-β-D-manno-

heptopyranose phosphate 6-membered to 12-membered alkyl chains were added to increase 

lipophilicity. The 7-O was modified to an azide.23 Lastly, an aminoethyl group has been added to 

the 7-O position (Scheme 1).23 The purpose of the handle was to serve as a location to add a 

molecular probe for further biological studies.23  
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Scheme 1. Synthesis of aminoethyl-D-glycero-β-D-manno-heptopyranose phosphate. 

(a)Acetone/FeCl3, 16 h, 57%; (b) NaH, 4-Methoxybenzyl chloride (PMBCl), dimethylformamide 

(DMF), 1 h, 78%; (c) Acetic acid (AcOH), Water(4:1), 16 h, 99%; (d) Sodium periodate (NaIO4), 

acetone/water (6:1), 0°C, 16 h, ; (e) Ph3PCHCOOMe, toluene, 0°C, 2 h, 36% (over two steps); (f) 

Diisobutylaluminium hydride (DIBAL), dichloromethane (DCM), 0°C, 2 h, 40%; (g) Sodium 

hydride (NaH), bromoacetonitrile (BrCH2CN), acetonitrile (ACN), 0°C, 5 h, 57%; (h)OsO4, N-

methylmorpholine N-oxide (NMMO), dioxane:acetone:water (1:2:1 v/v/v), 5 h, 51%; (i) BH3-

Me2S (BMS), Tetrahydrofuran (THF), 80°C, 3 h; (j) Fmoc chloride (FmocCl), 16 h 46% (over two 

steps); (k) DCM:Trifluoroacetic acid (TFA):water, 0°C, 3 h, then Ac2O:pyridine (1:1 v/v) 88%; (l) 

Hydrogen bromide (HBr)-AcOH, AcOH, DCM, 16 h, then CF3SO3Ag, Ag2CO3, 16 h, 58%; (m) 

(PhO)2P(O)Cl, DCM, 4-Dimethylaminopyridine (DMAP), 2 h, 46%; (n) Platinum oxide (PtO2), 

H2, methanol (MeOH), 24 h, then Triethylammonium (TEA) Buffer, MeOH:water, 16 h 80%  
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The synthesis of the key 7-O-aminoethyl D-glycero-β-D-manno-heptopyranose phosphate 

is described (4, Scheme 1). It started with acetonide protection of the inexpensive D-mannose at 

positions C2, C3, C5, and C6 providing the expected product in 94% yield.25 Following this, an 

anomeric protection was performed with PMBCl resulting in a globally protected carbohydrate in 

78% yield.26 C5 and C6 were deprotected using acetic acid and water. This deprotection afforded 

the desired product in 96% yield. Once deprotected, oxidative cleavage provided aldehyde 9, 

which was used as is.25 Treatment with methoxycarbonylmethylenetriphenylphosphorane ylide 

under typical Wittig reaction conditions elongated the aldehyde to produce methoxybenzyl (Z)-

5,6-dideoxy-2,3-O-isopropylidene-α-D-lyxo-hept-5-enofuranoside and, methoxybenzyl (E)-5,6-

dideoxy-2,3-O-isopropylidene-α-D-lyxo-hept-5-enofuranoside, as well as the by-product 

triphenylphosphine oxide. Unexpectedly, the formation of the Z configuration is favoured over the 

E configuration for these stabilized ylides due to the solvation phenomena participation from the 

C4 alkoxy group.27 This phenomenon allows the preferential formation of the Z-product when 

using a stabilized ylide with carbohydrates when normally the E configuration would be 

expected.27  

Ester 10 was then purified using flash chromatography resulting in a 60% yield over these 

two steps. After reduction with DIBAL, alcohol 11 was produced in 81% yield. Subsequently, the 

alcohol was alkylated using bromoacetonitrile in 88% yield. Dihydroxylation of alkene 12 

produced methoxybenzyl-7-O-(cyanoethyl)-2,3-O-isopropylidene-D-glycero-α-D-manno 

heptofuranoside and methoxybenzyl-7-O-(cyanoethyl)-2,3-O-isopropylidene-L-glycero-β-L-gulo 

heptofuranoside. These diastereomers are formed because, during the dihydroxylation reaction, 

osmium tetroxide can approach from the top or bottom face of the alkene.28 Depending on which 
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face is attacked, it will result in either the mannose or gulose derivative. The mannose derivative 

was separated from the gulose derivative by use of flash chromatography and recrystallization. 

This dihydroxylation afforded a yield of 65% of the desired mannose derivative. 

Amine 14 was produced by using borane dimethyl sulfide to reduce the nitrile group. 

FmocCl was employed to protect the newly made amino group with a 60% yield over the reduction 

and protection.29 Subsequently, the PMB and isopropylidene groups were removed and replaced 

with acetyl groups in 97% yield.29 Interestingly, removal of the PMB group resulted in the 

formation of the pyranose sugar. Unlike the protected anomeric PMB glycoside, the C-1 hydroxyl 

group can undergo equilibration with the ring open sugar, which enables cyclization with the C-5 

hydroxyl group from the dihydroxylation This converts the furanose ring into the pyranose. A 

deprotection followed by a phosphorylation was performed to provide the β-anomer preferentially 

with a 58% yield.29  

 

Figure 6. Anomers of mannose phosphate 

 

Synthesizing the phosphorylated β-anomer is challenging due to the anomeric effect and 

steric hindrance of the axial C-2 hydroxyl, both of which favour the formation of the α-anomer 

(Figure 6). For α-D-mannose, there is back donation of the lone pair from the ring oxygen into the 

C-1 C-O σ* orbital that can only occur in the alpha configuration. This makes the α-glycoside 

more stable and thermodynamically preferred.30,31 β-mannosides are quite difficult to generate 
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since the endo-anomeric effect favours the α-anomer and achimeric assistance from a participating 

C-2 protecting group also favours the α-anomer.32 Thus obtaining phosphorylated β-anomers is 

challenging, particularly in light of the lability of the anomeric phosphate.33 The β-anomer is 

required as it exhibits the desired biological activity, while D-glycero-α-D-mannoheptose-7-

phosphate is not.1  Starting from a lactol mixture of anomers that favours the α-anomer, Borio et 

al. report selective synthesis of the β-phosphate.33 The minor β-lactol is more nucleophilic and thus 

reacts quickly. While the lactols are sensitive to DMAP mediated mutarotation, the phosphate is 

not.  Thus DMAP in the reaction mixture equilibrates the α-anomer into a mixture of α- and β-

anomers, where the more nucleophilic β-anomer can then be preferentially phosphorylated by the 

slow addition of diluted phosphorylating agent, DPPC.33 The resultant major product, the β-

anomer, was purified from the minor biologically inactive α-anomer. Total deprotection was then 

achieved with a yield of 62%. This resulted in the amine becoming available for conjugation and 

a biologically active heptose phosphate.18  

 

1.5 Improving the cell uptake of heptose phosphates  

HMP is not a suitable drug candidate because it is too hydrophilic and thus cannot 

effectively cross the cell membrane. To address this issue, the carbohydrates have been conjugated 

with aliphatic groups and/or linkers for transit via alternative pathways. Target molecules that 

transit through the plasma membrane need to possess appropriate characteristics based on their 

mechanism of action. HMP engages an intracellular target, ALPK1, and thus requires sufficient 

hydrophobic character to traverse the cell membrane and localize in the cytoplasm.34,35 The drug 

candidate must therefore be sufficiently hydrophobic and maintain appropriate hydrophilic 

character to remain soluble in aqueous solution.36 This is often difficult to achieve with 
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carbohydrates due to their polar hydroxyl groups. A common strategy to address this consists of 

making a prodrug in which the polar groups are protected with non-polar groups until they reach 

the desired location in the cell.37 Formulations can also be developed such as liposomes that will 

aid in the delivery of compounds into the cell over various periods of time.38  

 Efforts have been made to improve cell uptake of heptose phosphates. Phosphates have 

been equipped with isoprenoid groups and nucleotide sugars.39 The incorporation of an isoprenoid 

group makes it easier in principle for it to transit through the cell membrane.40 In the case of a 

nucleotide sugar, there lies an opportunity to undergo active transport or at minimum uptake or 

translocation as alluded to in Pfannkuch et al.41 Vincent et al. reported the use of non-hydrolyzable 

phosphonate analogues, where some were fluorinated at the carbon of the phosphonate while 

maintaining biological activity.42 To increase lipophilicity of the compound, alkylation of the 7-O 

position with alkyl chains ranging from C4 to C10, and aminoethyl linker was performed.23 The 

motivation of the alkylation is much like the addition of the isoprenoid group. The addition of the 

aminoethyl linker provides the opportunity to attach molecular probes. Azidation serves the same 

purpose as the aminoethyl group although by use of strain-promoted azide-alkyne cycloaddition 

(SPAAC) chemistry.43 The results of these modifications to HMP were mitigated. Alkylation of 

HMP resulted in poor solubility in aqueous solution and difficulty in ion-exchanging 

triethylammonium for a sodium ion using Dowex-Na.23 HMP with an aminoethyl linker required 

PtO2 with platinum from specific sources to achieve deprotection of the anomeric phosphate.23 

Copper-catalyzed azide-alkyne cycloaddition facilitated conjugation of HMP to biotin. However, 

an oxidative side reaction would also produce biotin sulfoxide potentially leading to diminished 

function of biotin.23,44 
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1.6 Nanoscale formulations as a novel approach to deliver heptose phosphates  

In contrast, nanoscale formulations, such as encapsulation within liposomes, present the 

advantage of facilitating delivery without the requirement for chemical modifications.38 However, 

while liposomes are very effective for delivery to immune cells, they have a limited scope of tissues 

and cell types they can target. One nanoscale delivery approach that has shown consistent cellular 

uptake is the spherical nucleic acid (SNA) platform developed by Chad Mirkin in 1996. SNAs 

consist in a nanoparticle core that is functionalized with radially oriented oligonucleotides.45 In 

this architecture, they have shown robust unaided cellular uptake in more than 50 cell types.46 

SNAs have also been formulated to facilitate the delivery of biomolecules previously (e.g., 

proteins, peptides, RNA), showcasing their relevance for the delivery of a glycan-based drug.47–49 

HMP which is a PAMP, faces challenges regarding cell uptake. By conjugating it to SNAs, we 

hypothesize that this will be an accessible strategy to increase its cell uptake. 

More specifically, oligonucleotides are short strands of DNA or RNA that are generally 

less than 100 bases long. They are usually made using automated solid-phase synthesis using 

phosphoramidite chemistry.50 Using this approach, oligonucleotides are synthesized one base at a 

time with precise control. Moreover, phosphoramidite building blocks can be incorporated that 

enable the addition of non-natural building blocks such as fluorophores (e.g., cyanine 3 and 5), 

click chemistry groups (e.g., DBCO, alkynes) and other groups relevant for bioconjugation (e.g., 

amines, thiols), making them versatile building blocks (Figure 7). 
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Figure 7. Oligonucleotides were used in this project.Error! Reference source not found. T20 (19), 5'-G

uanidinium (GUA)7-T13-SH-3' (20), and 5'-DBCO-Cy5-T20-SH-3' (21) 

 

Most oligonucleotides used in a therapeutic context aim to interact with their targets via 

Watson-Crick base-pairing to modulate gene expression.51 However, oligonucleotides present 

unique potential as materials because they are programmable, biocompatible and water soluble.52 

For example, in the SNA architecture, they become a drug delivery vehicle, which utilizes 

oligonucleotides to aid in the delivery of therapeutics.45 In this architecture, they present emerging 

properties that improve on linear oligonucleotides. For example, this dense functionalization 

sterically hinders nuclease degradation, thus providing an increased level of stability.46,53 

The first synthesis of a SNA involved the dense functionalization of a gold nanoparticle 

core with oligonucleotides functionalized with a thiol group. (Figure 8. Panel A: Synthesis of dual-



14 

 

layer SNA). A salt-aging process was used to maximize the DNA loading onto the nanoparticles, 

which aided in shielding the repulsive electrostatic interactions from the negative charges on the 

phosphate backbone. 7 Gold nanoparticle cores were used in this work because they are easy to 

synthesize and characterize via UV-visible spectroscopy from their plasmon resonance band at 520 

nm. They are also stable at room temperature and can be readily functionalized with molecules 

presenting thiols under mild conditions.  

Of particular relevance to this work is the finding that SNAs can achieve cellular uptake 

without the need for transfection agents.46,54 More specifically, the mechanism for cellular uptake 

of SNAs has been elucidated and found to rely on recognition by scavenger receptors of type A 

followed by endocytosis (Figure 8. Panel A: Synthesis of dual-layer SNA. Panel B: Caveolin-

mediated endocytosis of SNAs).55 The pathway for endocytosis of an SNA does not require 

cationic transfection reagents that overcome coulombic repulsive forces as ssDNA does. Instead, 

it is the nanoscale architecture of the SNA that confers it the ability to undergo endocytosis.  
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Figure 8. Panel A: Synthesis of dual-layer SNA. Panel B: Caveolin-mediated endocytosis of 

SNAs.  

 

1.7 Adapting procedures from small molecule work to the nanoscale 

In organic small molecule synthesis, molecules and the success of reactions are analyzed 

using nuclear magnetic resonance (NMR), and electrospray ionization-mass spectrometry (ESI-
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MS).56,57 These approaches allow close analysis of chemical bonds and their stereochemistry. 

However, it becomes more difficult to elucidate useful information from their spectra as molecules 

go beyond the 1000-1500 Da scale.  

DNA is a larger molecule that cannot be easily analyzed by NMR, or ESI-MS. To analyze 

changes in the structure of oligonucleotides, polyacrylamide gel electrophoresis (PAGE) is used.58 

This form of analysis will visually display relatively large differences in mass (i.e. 300 Da), which 

correspond approximately to a single nucleotide addition and/or it can confirm if a conjugation has 

occurred. Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS) can 

determine the mass of oligonucleotides and help confirm their molecular structure (i.e. 1,000 Da 

to 300,000 Da) with better resolution than PAGE.59–62 If high resolution is attained, carbon-13 

resolution can be seen and help confirm the exact mass of the oligonucleotide, which may confirm 

small modifications (e.g., changes in functional groups, presence of protection groups, etc.).63 

When determining concentrations with small molecules, it is usually sufficient to use a 

balance to weigh out material. When working oligonucleotides, the use of UV-visible 

spectrophotometers, such as the Nanodrop, is required to determine concentrations. 

Oligonucleotides are typically prepared in sub milligram amounts (µmol to nmol) that are best 

determined by spectrophotometers. They also present a characteristic absorbance at 260 nm, which 

enables their quantification using extinction coefficient derived experimentally and from 

mathematical models using Beer’s law. 
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Chapter 2: Results and Discussion 

2.1 Synthesis of aminoethyl-D-glycero-β-D-manno-heptopyranose phosphate  

The synthesis of aminoethyl-D-glycero-β-D-manno-heptopyranose phosphate was 

performed as previously described.29 D-mannose was first protected at positions C2, C3, C5, and 

C6 in 57% yield as in prior literature (Figure 9).29,64 The product was confirmed when the acetonide 

protons (~1.5 ppm) were identified via NMR. Protecting aforementioned positions was pursued to 

enable targeted deprotection of C5 and C6. The yields obtained were lower than what was reported 

in literature. Performing the reaction at a larger scale is the suspected reason for lower yields. It is 

documented that when scaling up reactions from small (milligram) to pilot scale (multiple grams+) 

yields can be lower and require additional methods to control temperature and mixing, two reaction 

features that do not scale linearly.65,66  

 

Figure 9. Acetonide protection. Condition (a): Acetone/FeCl3, RT, 16 h, 57%  

The anomeric carbon was protected using PMBCl, with a moderate yield of 61% while 

Sauvageau et al. obtained a 78% yield (Figure 10).29 The product was confirmed by the presence 

of aromatic protons close to 7 ppm. Anomeric protection was pursued to prevent alkylation in a 

later reaction. Going forward, improving the circulation of the water bath may help increase yield 

by ensuring a constant temperature.66 
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Figure 10. Anomeric protection. Condition (b): NaH, PMBCl, DMF, RT, 1 h, 61%. 

C5 and C6 were deprotected with a solution of glacial acetic acid and water at RT. C5 and 

C6 then underwent oxidative cleavage using sodium periodate in acetone and water, which 

provided the desired aldehyde in 88% yield. While this remains efficient, it is not as high as the 

96% yield previously reported (Figure 11).29 The product was identified by 1H NMR analysis that 

displayed a reduction in the number of protons present in the acetonide region. Selective 

deprotection and oxidative cleavage was pursued to prepare for elongation of the carbohydrate. 

Future reactions would likely benefit from the use of slightly more acetic acid.  

 

 

Figure 11. C5,C6 deprotection and oxidative cleavage. Condition (c): AcOH/water (4:1), RT, 16 

h. (d) NaIO4, acetone/water (6:1), 0°C, 16 h, 88% 

The Wittig reaction was then performed, and the resulting products were purified using 

flash chromatography which provided the product in 36% yield (Figure 12). The yield was low in 

comparison to the 90% yield reported by Brimacombe et al.67 Formation of the product was 

confirmed via 1H NMR. Protons in the alkene region were observed with a coupling constant of 
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11 Hz which is indicative of the desired Z-product. Trans alkenes have different dihedrals angle, 

which lead to coupling constants around 15 Hz in the context of this intermediate.67 This step was 

done to add a carbon thus elongating the intermediate. Triphenylphosphine oxide, the by-product 

of the Wittig reaction, caused difficulties during purification. Without adequate warming while 

concentrated prior to flash chromatography, rapid crystallization occurs. This happened while 

loading into the silica gel cartridge and prevented further addition of the solution. The purification 

was achieved, although it required more cartridges than anticipated and lead to reduced yields. 

Going forward, better temperature management is needed, along with more dilute mixtures prior 

to performing flash chromatography.  

 

Figure 12. Wittig olefination. Condition (e): Ph3PCHCOOMe, toluene, 0°C, 2 h, 36% 

The carbohydrate ester 10 was then reduced, which yielded the expected alcohol in 40% 

yield (Figure 13). The structure was confirmed by 1H NMR that the product was synthesized due 

to the loss of a peak that corresponded to methyl ester protons, which occurred around 3.8 ppm in 

the starting material. In comparison, an 81% yield was reported in literature.29 In this step the ester 

is reduced to provide an alcohol, which will serve as alkylation site for the aminoethyl handle. 

Substantial amounts of aluminum salts, which formed a gel may have prevented effective 

extraction of the product during work up resulting in lower yields. Going forward, the gel will be 

separated into portions to enable effective extractions with glass wool.  
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Figure 13. DIBAL reduction. Condition (f): DIBAL, DCM, 0°C, 2 h, 57% 

The resulting free hydroxyl was then alkylated with bromoacetonitrile generating the 

expecting ether in 57% yield (Figure 14). The product was confirmed through NMR. At around 

4.2 ppm the integration increased from 1 to 3, which accounts for the protons next to the nitrile 

group and alkene. Alkylation of the free hydroxyl in literature attained an 88% yield.23 Alkylation 

of this hydroxyl was the first step to permitting linkage between the carbohydrate and the intended 

oligonucleotide. A reason for the difference in yield could be due to the concentration of starting 

materials.68 Regarding concentrations it was observed when operating on a concentration of 0.2 M 

of alcohol 11, yields were substantially lower. When the reaction was done with a concentration 

of 0.23 M the highest yields in this work were obtained. Concentrations as high as 0.39 M provided 

suitable yields relative to the work done in this study. To improve yields from this reaction in 

subsequent works different concentrations could explored.  

 

Figure 14. Bromoacetonitrile alkylation. Condition (g): NaH, bromoacetonitrile, ACN, 0°C, 5 h, 

57% 

Methoxybenzyl-7-O-(cyanoethyl)-2,3-O-isopropylidene-D-glycero-α-D-manno-

heptofuranoside and methoxybenzyl-7-O-(cyanoethyl)-2,3-O-isopropylidene-L-glycero-β-L-gulo 

were obtained after dihydroxylation (Figure 15). Both carbohydrates were separated using flash 
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chromatography, affording a yield of 51% of the D-glycero-α-D-manno derivative. In literature 

yields of 65% yield for the same dihydroxylation have been attained.23 A coupling constant of 6.4 

Hz for H5 was observed in the 1H NMR that is consistent with literature data.23 Dihydroxylation 

provides the provides the D-glycero-α-D-manno heptose moiety necessary for desired biological 

activity.  

 

Figure 15. Dihydroxylation. Conditions (h): OsO4, NMMO, dioxane:acetone:water (1:2:1 v/v/v), 

RT, 5 h, 51%  

Reducing the nitrile with borane dimethyl sulfide complex led to an amine capable of 

conjugation. The amine was then temporarily protected using fluorenylmethoxycarbonyl in a 

moderate yield of 47% over two steps when compared to the 60% yield previously reported (Figure 

16).23 Drying the carbohydrate derivative overnight and adding 5 equivalents of borane dimethyl 

sulfide complex may improve yields going forward. Using NMR, it was determined that the 

product had been isolated, as seen by an increase in protons in the aromatic region (7–8 ppm) 

indicating the fluorenylmethoxycarbonyl group is present.  
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Figure 16. Nitrile reduction and Amine protection Conditions: (i) BMS, THF, 80°C, 3 h; (j) 

FmocCl, RT, 16 h, 47% (over two steps) 

Using TFA, the acetonide and PMB protecting groups were removed. Acetic anhydride was 

then employed to acetylate the intermediate providing a slightly lower yield of 88% in comparison 

to the 97% from literature (Figure 17).23 In this step, deprotection of C1 enabled the iosmerization 

of the furanose to the pyranose intermediate via the open chain aldehyde. The reason for the 

decreased yield could be due to incomplete removal of water. Residual water would hydrolyze 

acetic anhydride. Acetylation of the carbohydrate would be insufficient and result in a lower yield. 

To improve yields going forward, prior to global protection, the carbohydrate will be placed under 

high vacuum for 1h. Using NMR, the loss of signal for the methylene protons in the PMB group 

(3.8 ppm) and the increase of methyl protons from the acetate groups (2.2-1.8 ppm) indicated a 

successful reaction.  

 

Figure 17. Partial deprotection and protection. Condition (k): DCM:TFA:water, 0°C, 3 h, then 

Ac2O:pyridine (1:1 v/v), RT, 16 h, 88% 
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Subsequently, anomeric deprotection was performed, providing a moderate yield of 50% 

while yields of 84% were reported (Figure 18).23This targeted deprotection prepared the 

intermediate for phosphorylation. Going forward using more equivalents of acetic acid and placing 

the carbohydrate under high vacuum overnight may help to increase yields.  

 

Figure 18. Anomeric deprotection. Condition (l): HBr-AcOH, AcOH, DCM, 16 h, then 

CF3SO3Ag, Ag2CO3, RT, 16 h, 50% 

Next, the phosphorylation using DPPC and DMAP attained a lower yield of 45% in 

comparison to the 58% yield recorded in literature (Figure 19).23 This afforded the β-anomer after 

separation via flash chromatography from the α-anomer. The β-anomer was confirmed by the H1 

doublet at 5.65 ppm as previously reported.23 During the phosphorylation, the yield was influenced 

by the rate of addition of DPPC. Slow addition was crucial to preferential production of the β-

anomer. Phosphorylation in this step was done to enable biological activity in the final product. 

Slow addition of the phosphorylating agent under conditions favoured the β-phosphorylated 

product as discussed in literature.23,33 Going forward making more dilute mixtures of DPPC should 

increase the yield. 
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Figure 19. β-anomeric phosphorylation. Condition (m): (PhO)2P(O)Cl, DCM, DMAP, RT, 2 h, 

45% 

Global deprotection was performed with PtO2 (Millipore product #459925), triethylamine, 

methanol, and hydrogen gas bubbling through the mixture as described in literature to provide 1 

with a significant yield of 80% in comparison to the 62% yield obtained in Sauvageau et al.23 This 

final step, often required three or more iterations of deprotection to go to completion. However, 

excessive iterations with PtO2 caused degradation. Thus, a balance between efficient deprotection 

and risk of degradation was needed to produce 1. The molecule was produced due to the use of the 

particular PtO2 (Millipore product #459925) which has a surface area of 75 m2/g which is greater 

than at least one of the other batches that were tested in work by Sauvageau et al.23 Having a larger 

surface area increases the number of accessible active sites present in regards to catalysts in 

general.69 Using NMR, it was determined that all protecting groups were removed as indicated by 

lack of peaks in 7-8 ppm and 2.5-1.5 ppm region. As well, the coupling constant of H1 indicated 

that the correct anomer had been isolated. Removal of protecting groups and subsequent salt 

exchange provided the precursor molecule that is both active and ready for conjugation (Figure 

20). 
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Figure 20. Total deprotection. Condition (n): PtO2, H2, MeOH, 24 h, then Triethylammonium 

(TEA) Buffer, MeOH:water, 16 h, 80% (over two steps) 

 

 

2.2 Azido PEG4 NHS Ester Conjugation 

To prepare for the conjugation with DBCO-functionalized oligonucleotide, the 

carbohydrate was reacted with azido-PEG4-NHS, ester which produced compound 2 in a 49% 

yield. 2 was achieved as a title compound and was purified using HPLC as shown in Figure 21. 

 

 

Figure 21. HPLC Trace of PEG4 Azide-7-O-(amidoethyl)-D-glycero-β-D-manno-heptopyranose 

phosphate. Product (2) isolated from peak three at 8.9 min 

 

 PEG4 Azide-7-O-(amidoethyl)-D-glycero-β-D-manno-heptopyranose phosphate (HMP-

LINK, 2) was purified by reverse phase HPLC. A gradient of 0% to 100% acetonitrile over 20 

minutes was performed using a semi-prep Agilent Infinity 1260 HPLC. HMP-LINK, 2, eluted at 
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8.9 min and this peak was collected. The noise that is seen towards the end of the chromatogram 

is related to running 100% acetonitrile for 10 minutes to wash out the remaining impurities from 

the column. The low concentration of HMP-LINK (2) used enabled the noise signal to be 

noticeable. The noise was due to organic contaminants eluting at 70%+ acetonitrile. 

Because HMP-LINK, 2, is the key reagent for further biological studies and a new 

compound in the literature, it was fully characterized. Mass spectrometry was performed to 

confirm the chemical formula of 2. This molecule had an expected [M+Na]+ m/z of 629.2042 Da. 

High-resolution Q Exactive Hybrid quadrupole Orbitrap mass spectrometer was used and found 

629.2084 [M +Na]+, confirming the chemical formula. The 1H NMR was also consistent with this 

structure, showing pronounced peaks between 3.5 and 4 ppm that correspond to the protons from 

the ether regions of PEG4. Using COSY, HSQC, and HMBC, the 1H and 13C spectra could be fully 

assigned and were consistent with the structure of 2. 

 

2.3 Method Development for Oligonucleotide and SNA Conjugations 

2.3.1 Conjugation of HMP-LINK with 5’-DBCO-Cy5-T20-SH-3’ 

Initial conjugation of HMP-LINK of oligonucleotides was performed with oligos received 

from McMaster University. 5’-DCBO-Cy5-T20-SH-3’ (Scheme 2) was treated with 100 

equivalents of HMP-LINK in deionized water, at room temperature for 24 hours in the dark. This 

resulted in an unsuccessful conjugation (Figure 24). PAGE (Figure 22) and MALDI-MS (Figure 

23) analyses were consistent with unreacted and partially degraded oligonucleotide starting 

materials. This data suggests that the DBCO group on the DNA had degraded.70 A second batch of 

5’-DBCO-Cy5-T20-SH-3’ was received. The oligonucleotide was first assessed for quality using 
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UV-Vis spectroscopy. The characteristic DBCO UV-Vis peak at 310 nm was not observed 

suggesting that, the DBCO had again degraded (Figure 25).71,72 We hypothesize that exposure to 

heat during transport resulted in oxidation and the addition of water to the alkyne (Scheme 3).71,72 

During transit from Hamilton to Ottawa, 5’-DBCO-Cy5-T20-SH-3’ may have been subjected to 

conditions that resulted in an inactive DBCO group. Due to this challenge, we proposed that the 

next conjugation experiment should be performed at McMaster University (Scheme 2).  

 

Figure 22. PAGE analysis using 19:1 Bis/acrylamide in 20% concentration to assess conjugation 

of β-HMP to oligonucleotides. Lanes 4 and 5 were failed reactions in which the conjugation did 

not occur 

 

To validate that degraded DBCO was the cause of the unsuccessful conjugation, HMP-

LINK was conjugated to an intact DBCO-containing molecule available in the lab (Figure 26). 

From the reaction DBCO-PEG4-triazole-PEG4-acid was formed, and the results were assessed via 

LRMS (Figure 27). The reaction (Scheme 4) was achieved using a 1:1 molar ratio of starting 
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materials in deionized water and DMSO (2:1, v/v) at RT for 1 h. LRMS detected a mass of 

approximately 1,159.8 Da confirming the reactivity of the azide (Scheme 4).  

 

 

Scheme 2. HMP-LINK 2 to DBCO-Cy5-T20 conjugation 
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Scheme 3. Proposed products of DBCO-Cy5-T20 formed by oxidation and hydration of strained 

alkynes 

 

 

Scheme 4. The successful conjugation of HMP-LINK with DBCO-PEG4-triazole-PEG4-acid, as 

evaluated by MS, confirmed that the azide of HMP-LINK was reactive with DBCO . 
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Figure 23. Degradation of unconjugated DNA found using  DHAP as a matrix and MALDI 

analysis. Masses at: 6750.948 Da and 7058.506 Da correspond to 5’-Cy5-T20-SH-3’ and 5’-

DBCO-Cy5-T20-SH-3’ respectively. Spectrum obtained using a Bruker ultrafleXtreme MALDI-

TOF/TOF 

 

 

Figure 24. Assessment of attempted conjugation between DBCO-Cy5-T20 and HMP-LINK. 

Only DBCO-Cy5-T20 detected as shown by the key mass of 7370.460 Da. The expected product 

with a mass of 7 924.68 Da was not detected. Spectrum obtained using a Bruker ultrafleXtreme 

MALDI-TOF/TOF 
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Figure 25. UV-Vis spectra of degraded 5’-DBCO-Cy5-T20-SH-3’. The expected absorption band 

for DBCO at 310nm is not present 

 

Figure 26. UV-Vis spectra of DBCO-PEG4-acid. The DBCO absorption peak can be seen at 

310nm 
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Figure 27. Mass Spectrum of test reaction product HMP-PEG8-acid. C50H76N6O23P+; calc’d 

=1159.47 found [M +H]+ = 1159.8 

2.4 HMP-LINK conjugation to 5’-DBCO-Cy5-T20-SH-3’ at McMaster University 

To overcome the sensitivity of the DBCO functional group on the oligonucleotide, HMP-

LINK was shipped to McMaster University and conjugated to 5’-DBCO-Cy5-T20-SH-3’. The 

reaction was found to be successful as seen in Figure 28 and Figure 29. PAGE analysis (Figure 28) 

demonstrates that 5’-HMP-Cy5-T20-SH-3’ is formed because it did not migrate as far on the gel 

as the unreacted 5’-DBCO-Cy5-T20-SH-3’ control, which indicates it has a larger mass. ESI-

QTOF (Figure 29) aligns with PAGE analysis confirming that molecule 2 (Scheme 2, Figure 28) 

has been synthesized successfully.  
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Figure 28. PAGE analysis confirms the formation of 5’-HMP-Cy5-T20-SH-3’. Lane 3 shows the 

expected increase in size for the conjugated product versus the unconjugated oligonucleotide 

shown in lane 2 

 

 

Figure 29. ESI-QTOF analysis of 5’-HMP-Cy5-T20-SH-3’. Found: [M+6H]6+ = 1321.9494 , M 

= 7931.6964 Da, Expected: M = 7924.68 Da 
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2.5 Functionalization of 5’-HMP-Cy5-T20-SH-3’ into spherical nucleic acids  

5’-HMP-Cy5-T20-SH-3’ which was conjugated at McMaster University was used to form 

SNAs. The concentration of 5’-HMP-Cy5-T20-SH-3’ oligonucleotides and 13 nm gold 

nanoparticle concentrations were measured by monitoring with a spectrophotometer the 

absorbance at 260 nm and extinction at 520 nm respectively. 5’-HMP-Cy5-T20-SH-3’ 

oligonucleotides were functionalized onto 13nm gold nanoparticles using a salt-aging process 

developed in the Mirkin group. 73 DNA loading on the gold nanoparticles was characterized using 

OliGreen fluorescence assays. This assay depends on OliGreen, a sensitive nucleic acid dye 

capable of quantifying oligonucleotides and single stranded DNA in solution.74 In this assay, a 

calibration curve was made from a two-fold serial dilution of 5’-HMP-Cy5-T20-SH-3’ and 5’-

T20-SH-3’ that were then mixed with OliGreen dye (Figure 30). Triplicate samples of the SNAs 

at known concentrations of gold were then dissolved in potassium cyanide to release free 

oligonucleotides, which were also mixed with OliGreen. All samples are then analyzed using a 

plate reader (excitation 480 nm/emission 520 nm). The fluorescence data from the serial dilution 

was used make a calibration curve. The fluorescence signals for the SNA samples are then divided 

by the slope of the calibration curve, which yields the concentration of the oligonucleotides 

according to Beer’s law. The determined DNA concentrations are then divided by the initial 

concentration of gold nanoparticles to determine the number of DNA strands per gold nanoparticle.  

In this SNA synthesis, T20 strand loading was accomplished followed by HMP-Cy5-T20 

loading. The calibration curves produced from the assay were used to determine that 232 strands 

of T20 per gold nanoparticle (Figure 30) and 189 strands of HMP-Cy5-T20 per gold nanoparticle 

(Figure 31) had been loaded. Using OliGreen assays provided a method to prove and quantify the 
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level of DNA loading onto gold nanoparticles.Error! Reference source not found. Through the assays it was d

etermined that HMP-Cy5-T20 was successfully functionalized onto gold nanoparticles forming 

the novel target molecule 4.  

  

Figure 30. Calibration curve for T20. Excitation (480nm), Emission(520nm) 

 

 

Figure 31. Calibration curve for HMP-Cy5-T20. Excitation (480nm), Emission (520nm) 
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Chapter 3: Future Directions 

 This project had the aim of improving cell uptake of heptose phosphates by using SNAs as 

a nanoscale delivery agent. In this work a bulk synthesis of compound 1 was accomplished. It was 

then conjugated with a NHS ester PEG4 azide linker, producing compound 2. In collaboration with 

the Bujold group, conjugation of 2 with 5’-DBCO-Cy5-T20-SH-3’ was successful and produced 

molecule 3. SNA synthesis was performed and yielded HMP-functionalized SNAs (molecule 4). 

This is the first time that this molecule has been synthesized. This synthesis demonstrates that the 

functionalization of SNAs with a carbohydrate is possible. With this accomplishment this opens 

the avenue to further studies of HMP in the cells. SNAs are modular and can have fluorescent dyes 

added to the strand. With this dye, the activity of HMP can be directly monitored. This would make 

it possible to visualize the interactions it has as it enters the cell.  

One direction that can be taken is to further study the synthesis of HMP-functionalized 

SNAs. This would require performing and fine-tuning functionalization work to achieve controlled 

and consistent loading of 5’-HMP-Cy5-T20-SH-3’ onto gold nanoparticles. If it is not feasible to 

sufficiently control the loading of HMP-Cy5-T20 could be measured by level of biological activity. 

This would lay the groundwork in controlling dosage for this type of molecule.  

A worthwhile approach would be further modifying SNAs, to include modified phosphate 

backbones that are positively charged to varying degrees. In this effort the goal would be increase 

the level of cell uptake. This avenue would show how well an SNA can be absorbed into cells. The 

level of cell uptake would be assessed using fluorescence (Cy5 dye) and a flow cytometer.  
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If the functionalization process can be tuned such that the dosage or concentration of HMP 

moiety can be controlled, then this molecule would be suitable for testing in Jurkat T cells. The 

motivation of this work would be to assess its ability to activate IL-8 production in this cell line.75 

The next step would be achieving controlled production of IL-8 such that levels of expression can 

be reliably attained. In the case that this is made possible, further biological studies can be 

performed to determine if it would be a suitable latency reversal agent in more complex biological 

settings such as humanized BLT mice.9,76 
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Chapter 4: Experimental Methods 

4.1 Instrumentation 

Nuclear magnetic resonance (NMR) spectroscopy was performed using a Varian (1H, 500 

MHz, 13C, 125 MHz), Bruker (1H, 600 MHz, 13C, 150 MHz, 31P, 242 MHz), or JEOL (1H, 400 

MHz, 13C, 100 MHz) spectrometer with solvent residual signals (CDCl3, 7.26 ppm for 1H, and 

77.36 ppm for 13C, and D2O, 4.79ppm for 1H). The resulting data was interpreted using Delta 6.1.0 

and TopSpin 4.1.4 software. Mass spectrometry (MS) data was collected using a SQ2 Detector 2 

from Waters and high-resolution mass spectrometry (HRMS) data was collected using a Waters 

Acquity I-class ultra-performance liquid chromatography (UPLC) system interfaced to a Q 

Exactive Hybrid quadrupole Orbitrap mass spectrometer equipped with a heated electrospray 

ionization source. Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry 

(MALDI-TOF MS) was performed using a Bruker MALDI-TOF ultrafleXtreme in positive ion 

mode. Resulting data was interpreted using Bruker Daltonics flexAnalysis. High-performance 

liquid chromatography (HPLC) was achieved using an Agilent 1280 infinity series. 

 

4.2 General synthetic methods 

All reagents were purchased from Sigma Aldrich, Oakwood chemicals, CombiBlocks, or TCI 

America. All solvents were purchased from Sigma Aldrich or Fisher Scientific. Carbohydrate 

reactions were performed under nitrogen or argon atmosphere unless stated otherwise or where 

water was used. 
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4.3 DNA strand characterization  

4.3.1 Ultraviolet-Visible spectroscopy 

Through UV-vis spectroscopy the concentration of oligonucleotides and SNAs was 

determined by using their maximum absorption bands 260 nm and 520 nm, respectively. Scans 

were collected from 200 nm to 700 nm. Measurements were conducted on a NanoDrop One/OneC. 

Before every measurement, the device was wiped down with deionized water where necessary. All 

readings were blanked with deionized water. 

4.3.2 Conjugation of HMP-LINK to 5’-DBCO-Cy5-T20-SH-3’ 

5’-DBCO-Cy5-T20-SH-3’ (30 nmol, 100 µL) was combined with HMP-LINK (300 nmol, 

30 µL) in water, and incubated at 37°C overnight in a thermocycler. The following day, the mixture 

was desalted with a Sephadex column. The conjugate was purified using 20% denaturing PAGE, 

excised from the gel, which was crushed and soaked overnight, to transfer the oligonucleotides in 

water. The sample was concentrated prior to desalting. The conjugate was then reduced with DTT 

to obtain a thiol at the 3’ end, concentrated and desalted prior to analysis via ESI-QTOF, which 

showed a successful conjugation.(Figure 29) 

4.3.3 Analytical polyacrylamide gel electrophoresis 

Denaturing polyacrylamide gels were made as described in Chapter 2 using a 10-well comb 

(0.75 mm width) to set lanes within the gel.77 Samples were prepared by combining 10 µL of 8 M 

urea and 5 µL of oligonucleotides, which were injected into wells along with a DNA ladder. Gels 

were run for 1 hour at 100 V and then stained using StainsAll solution (0.05% (w/v)) in 

formamide/water (1:1, v/v) for 15 minutes. 
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4.3.4 MALDI-TOF MS 

DNA analysis was performed as previously discussed in the MALDI section of Chapter 2. 

4.3.5 HPLC analysis of oligonucleotides 

DNA samples were dissolved in 25 µL of deionized water and analyzed using reverse phase 

HPLC using a Poroshell 120 EC-C18 column using 0.1 M triethylammonium acetate buffer pH 7 

(buffer A) and acetonitrile (buffer B).78 DNA was detected at 260 nm and 280 nm. The samples 

were eluted using a 20-minute linear gradient (0-100% solvent B) followed by 5 minutes of elution 

at 100% solvent B. 

 

4.4 Spherical Nucleic Acid Synthesis 

4.4.1 Dual-layer SNA synthesis 

The oligonucleotides used to make SNAs were 5’-DBCO-Cy5-T20-SH-3’ and 5’-T20-SH-

3’ and were synthesized by the Bujold Lab at McMaster University. 5’-DBCO-Cy5-T20-SH-3’ 

was conjugates with HMP-LINK prior to making SNAs. Citrate-capped 13 nm gold nanoparticles 

were synthesized and provided by the Bujold group. 

SNA synthesis was carried out based on published protocols. 73 First, the concentration of 

the 13 nm citrate-capped gold nanoparticle (AuNP) stock was assessed by diluting 1:10 in 

deionized water and measuring extinction from 200 to 800 nm on a  UV-Vis spectrometer. Beer’s 

law was used to determine the concentration using the known extinction coefficient for these 

particles of 2.76x108 M-1 cm-1. Note that Extinction is used since gold nanoparticles are a colloidal 

suspension, meaning that it both absorbs and diffracts light. This is not a characteristic that is 

shared with solutions. 
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Absorbance scans from 200 nm to 700 were done to determine the concentration of the 

oligonucleotides using their characteristic absorbance peak at 260 nm, ensuring that absorbances 

between 0.1 and 0.5 arbitrary units (a.u.) were obtained, performing dilutions when necessary to 

remain within the accurate reading range of the instrument. 

Once DNA and AuNP concentrations were determined, they were combined at an 85:1 ratio 

at a final concentration of 0.85 μM for DNA and 10 nM for the gold nanoparticles with 0.2% 

Tween-20 to help prevent aggregation. The oligonucleotide used in this step was 5’-HMP-Cy5-

T20-SH-3’. The goal of this step is to synthesize a thin monolayer of DNA on the AuNPs that acts 

as reporter through the Cy5 fluorophore and drug carrier through the presence of the HMP. The 

second layer will be added to help achieve high cellular uptake. To achieve this, the following 

reagents were added in order to an Eppendorf tube: AuNPs, water, DNA, then 10% Tween-20. The 

SNAs were then left to mix in the dark for 15-20 minutes, then 5 M NaCl solution was added 

slowly to achieve a salt concentration of 0.05 M. The SNAs were subsequently left to mix 

overnight in the dark.  

The next day the monolayer SNAs were pelleted by centrifuging at 13,000 x g for 30 

minutes. The supernatant was removed, and the pellet was resuspended using Milli-Q water. The 

centrifugation process was repeated three times to remove excess DNA, surfactant, and salt. On 

the last centrifugation, water was not added to keep the sample concentrated. Instead, an extinction 

scan from 200 to 700 nm was performed on the sample, ensuring that extinction remained between 

0.1 and 0.5 a.u. through dilution. The extinction at 520 nm and dilution factor were recorded. The 

volume of the remaining monolayer SNA was determined to determine the number of moles of 

monolayer SNA present in the sample. The reading from the absorbance of monolayer DNA at 520 

nm, and the dilution factor used were used determine the amount of water, DNA, and Tween-20 



42 

 

needed to install a second layer of DNA on the monolayer SNAs at a ratio of 500:1 DNA:SNA at 

a final DNA concentration of 5 μM and 10 nM for the SNAs. For the second layer, 5’-T20-SH-3’ 

was used to create a dense layer of DNA on the SNA, which assists with cellular uptake. Reagents 

were added in the following order: SNA, water, DNA, Tween-20. All reagents were added to the 

Eppendorf containing the monolayer SNA to avoid product loss. The sample was then left to mix 

overnight in the dark. Note that either strand can be added first or second, as long as the rest of 

method 

4.4.2 Salt-aging of the dual-layer SNAs 

To ensure maximal DNA loading on the SNAs, 5 M NaCl was slowly added to the dual-

layer in 20-30-minute intervals and 0.05 M increments until a final concentration of 0.5 M was 

achieved. After each salt addition, the solution was vortexed for about 10 seconds then placed back 

on the mixer. Once a concentration of 0.5 M NaCl was achieved, the SNAs were left to mix 

overnight. On the next day, the dual-layer SNAs were washed and pelleted, aspirating the 

supernatant and replacing with Milli-Q water.  

4.4.3 Quantification of DNA loading using OliGreen assays 

OliGreen assays were performed to determine the DNA loading density on the monolayer 

and dual-layer SNAs. DNA stock solutions at approximately 1 μM concentrations (5’-HMP-Cy5-

T20-SH-3’ and 5’-T20-SH-3’) and SNA stock solutions at approximately 1 nM were prepared and 

their exact concentrations were assessed using UV-Vis spectroscopy. The SNA samples (160 µL) 

were incubated with 160 µL of 40 mM KCN to dissolve the AuNPs and release the DNA in solution 

in a tube labeled “SNA+KCN”. Using a 96-well plate, 40 mM KCN was added to well A8 with 

100 µL of the oligonucleotide stock solution of interest. In wells A1 to A7, 100 µL of 20 mM KCN 

was added. A 2X serial dilution was performed starting by transferring 100 µL from A8 to A7 and 
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continued until A2. This left well A1 as is to act as blank. In wells A9 to A11 100 µL from tube 

labelled as “SNA+KCN”. To enable fluorescent detection of the DNA, 100 µL of 200X diluted 

OliGreen dye was added to wells A1 to A11. The plate was analyzed within 10 minutes to obtain 

a fluorescence reading using a plate reader with excitation-emission 480/520. The data from this 

assay was used to produce a calibration curve from a scatter plot of corrected fluorescence values 

vs. DNA concentration. Using this calibration curve, the level of DNA loading on the gold 

nanoparticles could be determined for monolayer and dual-layer SNAs. 

4.4.4 Agarose gel electrophoresis 

  Agarose gels were used to assess the monodispersity and relative size of monolayer and 

dual-layer SNAs. Gels were cast by combining 0.5 g of agarose with 50 mL of 1X TBE buffer, 

which was then microwaved in 20 second intervals until agarose was fully dissolved in solution 

and had become clear. When necessary, additional water was added to bring total volume back to 

50 mL, and then the gel was poured into a gel box. A 10-well comb with a width of 0.75 mm was 

inserted into the gel box as the agarose cooled over 30 minutes at room temperature. Once 

solidified the gel was placed in 1X TBE buffer, and SNAs were loaded in a concentration of 

approximately 20 nM with 10% glycerol (v/v). Agarose gels were run for 1 hour at 100 V and 50 

mA. 

 

4.5 5’-PEG4-7-O-(amidoethyl)-D-glycero-β-D-manno-heptopyranose phosphate-Cy5-T20-

SH-3’ synthesis 

All NMR and MS data for synthesized compounds aligned with published compound data. 

Note that compounds 1 and 6 to 18 were synthesized as described in Sauvageau et al. with minor 

changes.29 
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4.5.1 2,3,5,6-Di-O-isopropylidene-α-D-mannofuranoside (6) 

 D-mannose (21 g, 116.6 mmol, 5) was co-evaporated using anhydrous toluene. Anhydrous 

acetone (500 mL) was added to D-mannose followed by the addition of FeCl3 (6.3 g, 38.8 mmol). 

The mixture was left to stir overnight at RT under nitrogen. The following day, the reaction was 

neutralized using NaHCO3 solution (20% by volume of the reaction mixture). Subsequently, the 

mixture was concentrated, and extracted using DCM with water, sodium bicarbonate, then brine. 

Using Na2SO4, the organic layer was dried. Na2SO4 was filtered out and the organic layer was 

concentrated until a white powder remained. The powder underwent recrystallization using DCM 

to yield compound 6 (57%, 66.4 mmol, 17.4 g). 

1H NMR, (500 MHz, CDCl3) δ 5.39 (JH1’,H2’= 1.63Hz, d, 1H, H1`), 4.83 (JH3’,H2’= 6.1Hz, 

JH3’,H4’=3.71Hz, dd, 1H, H3’), 4.63 (JH2’,H3’=6.28Hz, d, 1H, H2`), 4.42 (m, 1H, H5`), 4.20 (JH4’,H3’= 

3.61Hz, JH4’,H5’ =7.04Hz, dd, 1H, H4`),4.06 (m, 2H, H6`), 2.38 (s, 1H, OH), 1.47 (3H, s, 

CH3COCH2`, OCH3`), 1.466 (3H, s, CH3COCH5, OCH6`), 1.39 (3H, s, CH3COCH5`, OCH6`), 

1.34 (3H, s, CH3COCH2`, OCH3`).13C NMR (125 MHz, CDCl3) δ 112.65 (C2`, 3`O2C), 109.11 

(C5`, 6`O2C), 101.27 (C1`), 85.52 (C2`), 80.26 (C4`), 79.70 (C3`), 66.52 (C6’), 26.84 

(CH3COCH5`,OCH6`), 25.87 (CH3COCH2`,OCH3`), 25.18 (CH3COCH5`,OCH6`), 

24.47(CH3COCH2`,OCH3`). LRMS Calc’d for C12H20O6 [M – OH2 – e-]+• = 260.28, found = 

262.94) . 

 

4.5.2 4-methoxybenzyl 2,3,5,6-di-O-isoproylidene-α-D-mannofuranoside (7) 

The following intermediate was synthesized. Using toluene, 6 was dried, then dissolved in 

anhydrous DMF. Subsequently it was cooled to 0 °C then sodium hydride (60% in mineral oil, 
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32.9 g, 1372.9 mmol) was slowly added to the mixture. After 30 minutes p-methoxybenzyl 

chloride (115.4 g, 736.8 mmol) was added dropwise, then left to stir for 1 h. Methanol was added 

slowly to quench the reaction. An extraction was performed using EtOAc and water. The remaining 

organic fraction was then dried using Na2SO4, filtered, and concentrated. The residue was purified 

using silica gel chromatography, thus affording compound 7 (107.2 g, 281.3 mmol, 61.5%). 

1H NMR, (500 MHz, CDCl3) δ  7.27 (JCHCCH2, CHCOMe = 8Hz, d, 2H, CHCCH2, PMB), 6.91 

(JCHCOMe, CHCCH2 = 8.5Hz, d, 2H, CHCOMe, PMB), 5.07 (s, 1H, H1’), 4.80 (JH3’,H2’ = 5.86Hz, 

JH3’,H4’ = 4.12Hz,  dd, 1H, H3’), 4.65 (JH2’,H3’ = 6.24Hz, d, 1H, H2’), 4.61 (JCHA, CHB = 11.53Hz, 

ABX, 1H, CHA, PMB), 4.44 (m, 2H, CHB, PMB and H5’), 4.14 (JH6’A, H6’B’ = 8.53Hz, JH6’A,H5’ = 

6.45Hz, ABX, 1H, H6’A), 4.06 (JH6’B, H6’A’ = 8.84Hz, JH6’B,H5’ = 4.51Hz, ABX, 1H, H6’B), 

3.99(JH4’,H3’ = 3.66Hz, JH4’,H5’ = 7.79Hz, dd, 1H, H4’), 3.82 (3H, s, CH3O), 1.48 (6H, s, 

CH3COCH2`,OCH3` and CH3COCH5`,OCH6`), 1.41(3H, s, CH3COCH5`,OCH6`), 1.33 (3H, s, 

CH3COCH2`,OCH3`).  LRMS Calc’d for C20H28O7N [M – PMB +NH4]+.= 261.07, found = 

260.76. 

 

4.5.3 4-methoxybenzyl 2,3-O-isopropylidene-α-D-mannofuranoside (8) 

In a mixture of acetic acid and water (4:1, v/v) compound 7 (0.013 mol, 5.0 g) was 

dissolved, and left to stir at RT overnight. The reaction mixture was concentrated using toluene. 

Purification using column chromatography (EtOAc/Hexanes) provided a yield of 99% (0.013 mol, 

4.6 g.) of 8. 

 1H NMR, (500 MHz, CDCl3) δ 7.25 (JCHCCH2, CHCOMe = 7.9Hz, d, 2H, CHCCH2, PMB), 6.88 

(JCHCOMe, CHCCH2 = 10.5Hz, d, 2H, CHCOMe, PMB), 5.09 (s, 1H, H1’), 4.85 (JH3’,H2’ = 5.92Hz, 

JH3’,H4’= 3.91Hz,  dd, 1H, H3’), 4.63 (JH2’,H3’ = 5.93Hz, d, 1H, H2’), 4.57 (JCHA, CHB = 11.5Hz, 
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ABX, 1H, CHA, PMB), 4.43 (JCHB, CHA = 12Hz, ABX, 1H, CHB, PMB), 4.02 (m, 1H, H5’), 3.98 

(JH4’,H3’ = 3.79Hz, JH4’,H5’ = 7.87Hz, dd, 1H, H4’), 3.80 (3H, s, CH3O), 3.84 (m, 1H, H6’A), 3.72 

(m, 1H, H6’B) 1.47 (3H, s, CH3COCH2`,OCH3`), 1.32 (3H, s, CH3COCH2`,OCH3`). 

 

4.5.4 Methyl [methoxybenzyl (Z)-5,6-dideoxy-2,3-O-isopropylidene-α-D-lyxo-hept-5-

enofuranosid]uronate (10) 

8 (4.6 g, 13.6 mmol) was dissolved in a solution of ice-cold acetone and water (6:1, v/v) 

then sodium periodate (4.4 g, 20.4 mmol) was added. The mixture stirred for three hours at 0°C, 

followed by continued stirring at RT overnight. The following day the mixture was concentrated, 

dissolved in EtOAc, then filtered. The intermediate 9, was washed with saturated ammonium 

chloride, and brine. Subsequently it was dried with Na2SO4 then concentrated. Using ice cold 

anhydrous toluene, the intermediate was dissolved. (Methoxycarbonylmethylene)phosphorane 

(4.3 g, 14 mmol) was added and the mixture was left to stir for 2h. The mixture was then 

concentrated and purified using flash column chromatography to afford compound 10 (36%, 10.3 

mmol, 3.2 g). 

 1H NMR, (500 MHz, CDCl3) δ 7.27 (JCHCCH2, CHCOMe = 8Hz, d, 2H, CHCCH2, PMB), 6.88 

(JCHCOMe, CHCCH2 = 8.5Hz, d, 2H, CHCOMe, PMB), 6.35 (JH5’,H4’ = 7.21Hz, JH5’,H6’ = 11.94Hz,  dd, 

1H, H5’), 6.01 (JH6’,H5’ = 11.98Hz, d, 1H, H6’), 5.47 (m, 1H, H4’), 5.11 (s, 1H, H1’), 5.04 (JH3’,H2’ 

= 5.34Hz, JH3’,H4’ = 3.88Hz,  dd, 1H, H3’), 4.65 (JH2’,H3’ = 5.84Hz, d, 1H, H2’), 4.61 (JCHA, CHB = 

11.28Hz, ABX, 1H, CHA, PMB), 4.46 (JCHB, CHA = 11.65Hz, ABX, 1H, CHB, PMB), 3.80 (3H, s, 

CH3O, PMB), 3.73 (3H, s, CH3O, C(O)Me), 1.44 (3H, s, CH3COCH2`,OCH3).   
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4.5.5 Methoxybenzyl (Z)-5,6-dideoxy-2,3-O-isopropylidene-α-D-lyxo-hept-5-enofuranoside (11) 

Compound 10 (26.3 mmol, 9.6 g) was dissolved in dry DCM under N2. Subsequently, 

DIBAL (99.8 mmol, 99.8 mL) was injected then the mixture was left to stir for two hours. The 

reaction was quenched using saturated NH4Cl and DCM was added resulting in gel formation. The 

gel underwent filtration over glass wool using DCM then was washed with water. Lastly, 

compound 11 was obtained in a pure form through column chromatography using hexanes and 

EtOAc with a 40% yield (10.52 mmol, 3.54 g). 

1H NMR, (500 MHz, CDCl3) δ 7.27 (JCHCCH2, CHCOMe = 8.15Hz, d, 2H, CHCCH2, PMB), 6.89 

(JCHCOMe, CHCCH2 = 8.4Hz, d, 2H, CHCOMe, PMB), 5.95 (m, 1H, H6’), 5.79 (m, 1H, H5’), 5.09 (s, 

1H, H1’), 4.80 (m, 1H, H4’), 4.68 (JH3’,H2’ = 5.73Hz, JH3’,H4’ = 3.56Hz,  dd, 1H, H3’), 4.65 (JH2’,H3’ 

= 6.5Hz, d, 1H, H2’), 4.63 (JCHA, CHB = 12Hz, ABX, 1H, CHA, PMB), 4.46 (JCHB, CHA = 11.6Hz, 

ABX, 1H, CHB, PMB), 3.80 (3H, s, CH3O, PMB), 1.46 (3H, s, CH3COCH2’,OCH3’), 1.30 (3H, 

s, CH3COCH2`,OCH3) 

 

4.5.6 [Methoxybenzyl-7-O-cyanoethyl-5,6-dideoxy-2,3-O-isopropylidene-α-D-lyxo-(Z)-hept-5-

enofuranosid]uronate (12) 

Compound 11 (16.6 mmol, 5.6 g) was dissolved in anhydrous acetonitrile, then cooled 

down to 0°C. Sodium hydride (33.3 mmol, 1.3g) was slowly added in portions to the mixture. 

After 30 minutes, bromoacetonitrile (25.0 mmol, 1.739 mL) diluted in acetonitrile was added 

dropwise over one hour and left to stir. After five hours, the reaction is quenched using cool 

methanol. The solution is warmed to RT and mixed with DCM. Subsequently, it is washed with 

water, then brine. The organic layer was dried using Na2SO4, then compound 12 was purified via 

flash column chromatography using hexanes and EtOAc to obtain 57% yield (9.6 mmol, 3.6 g). 
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1H NMR (400 MHz, CDCl3) δ 7.26 (d, J = 8.6 Hz, 2H, Ar), 6.87 (d, J = 8.7 Hz, 2H, Ar), 5.95 (m, 

1H, H5′), 5.81 (m, 1H, H6′), 5.11 (d, J = 6Hz 1H, H1′), 4.8 (dd, J = 3.6, 7.2 Hz, 1H, H4′), 4.76 

(dd, J = 3.2, 7.2 Hz, 1H, H3′), 4.69 (d, J = 5.6 Hz, 1H, H2′), 4.61 (d, J = 11.2 Hz, 1H, 

OCHAPhOMe), 4.44 (d, J = 11.6 Hz, 1H, OCHBPhOMe), 4.25 (m, 2H, H7′A, H7′B), 4.24 (s, 2H, 

CH2CN), 3.79 (m, 3H, CH3O, PMB), 1.44 (s, 3H, C(CH3)2), 1.28 (s, 3H, C(CH3)2) 

4.5.7 Methoxybenzyl-7-O-(cyanoethyl)-2,3-O-isopropylidene-D-glycero-α-D-manno 

heptofuranoside (13) 

Compound 12 (0.1332 mmol, 50 mg) was dissolved in a solution of acetone, dioxane, and 

water (1:2:1, v:v:v) then was left to stir for 30 minutes at RT. Afterwards OsO4 (7 mol%, 59 µL, 

4% wt. in H2O) was added and left to stir for 5h. The mixture was diluted with DCM, then ice cold 

5M HCl was added. The reaction was quenched using Na2S2O5 and water. A separation was 

performed then the organic layer was concentrated in vacuo. Lastly, compound 13 was purified 

using flash column chromatography with EtOAc and toluene to provide a yield of 50.79% (0.0646 

mmol, 25.4 mg). 

1H NMR (600 MHz, CDCl3) δ 7.26 (d, J = 8.8 Hz, 2H, Ar), 6.89 (d, J = 8.4 Hz, 2H, Ar), 5.12 (s, 

1H, H1′), 4.89 (dd, J = 5.6, 3.6 Hz, 1H, H3′), 4.64 (d, J = 6 Hz, 1H, H2′), 4.60 (d, J = 11.6 Hz, 1H, 

OCHAPhOMe), 4.45 (d, J = 11.2 Hz, 1H, OCHBPhOMe), 4.35 (s, 2H, CH2CN), 4.13 (dd, J = 3.6, 

6.8 Hz, 1H, H4′), 4.05 (dd, J = 6.4 Hz, H5′), 3.98 (m, 1H, H6′), 3.87 (dd, J = 2.4, 10 Hz, 1H, H7′A), 

3.82−3.78 (m, 4H, CH3O PMB and H7′B), 1.47 (3H, s, C(CH3)2), 1.31 (3H, s, C(CH3)2) 
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4.5.8 Methoxybenzyl-7-O-(9-fluorenylmethoxycarbonyl-amidoethyl)-2,3-O-isopropylidene-D-

manno Heptofuranoside (15) 

Compound 13 was co-evaporated with toluene three times. Subsequently, it was dissolved 

in tetrahydrofuran, then BMS (0.2584 mmol, 24.5µL) was slowly added. The reaction was set to 

reflux for 3h at 80°C, then was cooled to 0° C. Methanol was slowly added, then the solution was 

concentrated. Subsequently, the intermediate (14) was dissolved in dioxane and NaHCO3(aq) (1:2 

v/v). FmocCl (0.1292 mmol, 0.0334 g) was added to the mixture and left to stir for 16h. The 

mixture was diluted with water and DCM then a separation using water and DCM was performed. 

The organic layer was dried with Na2SO4, concentrated in vacuo, then purified using flash column 

chromatography with hexanes and EtOAc to provide a yield of 66.9% (0.03005 mmol, 19.1 mg) 

and 46.52% over 2 steps of compound 15. 

1H NMR (600 MHz, CDCl3) δ 7.74 (d, J = 6.87 Hz, 2H, Ha, Fmoc), 7.57 (m, 2H, Hb, Fmoc),  7.38 

(dd, J = 7.4 Hz, 2H, Hc, Fmoc), 7.30 (m, 2H, Hd, Fmoc), 7.26 (d, J = 9.1 Hz, 2H, Ar), 6.89 (d, J = 

8.7 Hz, 2H, Ar), 5.12 (s, 1H, H1′), 4.90 (dd, J = 6, 3.9 Hz, 1H, H3′), 4.64 (d, J = 5.9 Hz, 1H, H2′), 

4.58 (d, J = 11.5 Hz, 1H, OCHAPhOMe), 4.45 (d, J = 11.5 Hz, 1H, OCHBPhOMe), 4.35 (s, 2H, 

CH2CN), 4.13 (dd, J = 3.7, 7.2 Hz, 1H, H4′), 4.04−3.99 (m, 2H, H5′, H6′), 3.85 (dd, J = 2.5, 10.4 

Hz, 1H, H7′A), 3.82−3.78 (m, 4H, CH3O PMB and H7′B), 1.47 (3H, s, C(CH3)2), 1.31 (3H, s, 

C(CH3)2) 

 

4.5.9 1,2,3,4,6 – Penta-O-acetyl-7-O-(9-fluorenylmethoxycarbonyl-amidoethyl)- D-glycero D-

manno-heptopyranosyl  (16) 

Compound 15 (2.6 mmol 1.7 g) was dissolved in DCM, and water, then was cooled to 0°C. 

TFA (7.0 mL) was added to the mixture then it was set to stir for 3h. Subsequently, the reaction 

mixture was concentrated and coevaporated with toluene six times. Afterwards, anhydrous 
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pyridine (3.0 mL) and Ac2O (3.0 mL) was added to the mixture and left to stir for 16h. Following 

the 16-hour reaction time, the mixture is diluted with DCM, washed twice with NaHCO3 (sat. aq). 

The organic layer was isolated and dried using Na2SO4, concentrated in vacuo, then purified 

through flash column chromatography using EtOAc and hexanes to afford a yield of 87.81% ( 2.3 

mmol, 1.6 g) of 16. 

 1H NMR (600 MHz, CDCl3) δ 7.76 (d, J = 6.87 Hz, 2H, Ha, Fmoc), 7.65 (m, 2H, Hb, Fmoc),  

7.41 (dd, J = 7.4 Hz, 2H, Hc, Fmoc), 7.29 (m, 2H, Hd, Fmoc), 6.05 (d, J = 2.0 Hz, 1H, H1′α), 5.82 

(br. s, 1H, H1′β), 5.64 (br. s, 1H, NH), 5.50−5.42 (m, 2H, H4′α and H2′β), 5.4 (dd, J = 6 Hz, 1H, 

H4′β), 5.31 (m, 1H, H3′α), 5.24 (dd, J = 1.6, 1H, H2′α), 5.17−5.01 (m, 3H, H6′α, β and H3′β), 4.42 

(dd, J = 7.8, 12.6 Hz, 1H, HfA), 4.34 (dd, J = 5.6, 9.6 Hz, 1H, HfB), 4.24 (m, 1H, Hg), 4.06 (dd, J 

= 8.9, 1.37 Hz, 1H, H5′α), 3.87−3.71 (m, 2H, H7′A, H5′β), 3.62 (m, 1H, H7′B), 3.53 (m, 2H, 

CH2CH2NH), 3.41 (m, 2H, CH2NH), 2.24−1.90 (multiplet, 15H, CH3, 19α and 19β) 

 

4.5.10 Diphenyl (2,3,4,6 – Tetra-O-acetyl-7-O-(9-fluorenylmethoxtcarbonyl-amidoethyl)-D-

glycero-β-D-manno-heptopyranosyl) phosphate (18) 

Compound 16 (0.5625 mmol, 0.3857 g) was dissolved in DCM, then acetic acid (722µL), 

and hydrogen bromide in acetic acid (3.61 mL) were added. The reaction was left to stir for 16h. 

Afterwards the mixture was poured onto ice water, extracted with DCM, and washed with 

NaHCO3(sat. aq) and water. The mixture was concentrated in vacuo then DCM, water, silver triflate 

(1.125 mmol, 289 mg), and silver carbonate (1.125 mmol, 310 mg) were added and left to mix 

overnight. Subsequently, the mixture was extracted with water and DCM. The organic layer is 

dried with Na2SO4, filtered, then concentrated in vacuo. The carbohydrate is purified via column 

chromatography using hexanes and EtOAc to produce a yield of 58% (0.3262 mmol, 208 mg) over 



51 

 

these two initial reactions. The anomeric deprotected carbohydrate (0.3236 mmol, 0.2083 g, 17) 

was coevaporated using anhydrous toluene three times, then placed under vacuum overnight. The 

following morning DPPC (3.236 mmol, 0.671mL) was coevaporated with anhydrous toluene then 

left under vacuum for 1 hour. The anomeric deprotected carbohydrate was dissolved in anhydrous 

DCM. DPPC  was dissolved in DCM (10 mL) then was added to the carbohydrate solution via 

syringe pump at rate of 2 mL/hour. The reaction is left to run at RT for 2h under nitrogen. 

Subsequently, freshly produced TEAB buffer (pH 8) is used to wash the reaction mixture, followed 

by water, then brine. The organic layer was dried using Na2SO4, filtered, then concentrated in 

vacuo. Flash chromatography was performed with hexanes, DEE, and EtOAc, followed by another 

round of flash chromatography with DCM and EtOAc to afford a yield of 45.5% (0.1473 mmol, 

129 mg) of compound 18. 

1H NMR (600 MHz, CDCl3) δ 7.75 (d, J = 7.33 Hz, 2H, Ha, Fmoc), 7.64 (d, J = 7.56 Hz, 2H, Hb, 

Fmoc), 7.40−7.23 (m, 10H, Hc and Hd Fmoc and Ar), 7.23− 7.13 (m, 4H, Ar), 5.77 (m, 1H, NH), 

5.65 (bs, 1H, H1′), 5.45 (m, 1H, H2′), 5.36 (dd, J = 8.9 Hz, 1H, H4′), 5.16 (m, 1H, H6′), 5.05 (dd, 

J = 2.8, 8.9 Hz, 1H, H3′), 4.42 (d, J = 7.6, 10.3 Hz, 1H, Hf), 4.21 (d, J = 7.1 Hz, 2H, Hg), 3.90 (dd, 

J = 4.4 Hz, 8.7 Hz, 1H, H5′), 3.68 (d, J = 4.6, 10.5 Hz, 1H, H7A′), 3.56 (dd, J = 5.5, 10.5 Hz, 1H, 

H7B′), 3.51 (m, 1H, CHACH2NH), 3.42 (m, 1H, CHBCH2NH), 3.37 (m, 2H, CH2NH), 2.07, 2.04, 

2.02, 1.95 (s, 12H, CH3) 

 

4.5.11 7-O-(Aminoethyl)-D-glycero-β-D-manno-heptopyranose phosphate (1) 

Compound 18 was dissolved in anhydrous methanol under nitrogen, then platinum oxide, 

PtO2 (product number 459925). Hydrogen gas is bubbled into the mixture, then the reaction is left 

to stir. Methanol, N2(g), PtO2, and H2(g) are replenished daily or more if needed. The reaction is 

determined to be complete once there was an absence of aromatic signals in 1H NMR (7-7.5ppm). 
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When the reaction was found to be complete the mixture was filtered through celite, then 

concentrated via rotary evaporator. The carbohydrate was then dissolved in a mixture of 

triethylamine, methanol, and water (1:7:2, v/v/v) and left to stir for 16h at RT. The mixture was 

then concentrated via rotary evaporator then purified using a Bio-Gel P-2 size exclusion column. 

The carbohydrate (1) fractions underwent concentration, and afforded a yield of 80.4% (45 µmol, 

15.3 mg). 

1H NMR (400 MHz, D2O) δ 5.13 (d, J1, P = 8.7 Hz, 1H, H1′), 4.19 (m, 1H, H6′), 4.03 (d, J = 1.2 

Hz, 1H, H2′), 3.90−3.764 (m, 4H, H7′ and CH2CH2NH2), 3.71 (dd, J = 3.0, 6.9 Hz, 1H, H3′), 3.5 

(dd, J = 6.0 Hz, 1H, H4′), 3.56 (dd, J = 2.3, 6.8 Hz, 1H, H5′), 3.24 (app. t, J = 5.0 Hz, 2H, CH2NH2) 

 

4.5.12 Disodium PEG4 Azide-7-O-(Amidoethyl)-D-glycero-β-D-manno-heptose 1-phosphate (2) 

 Amine 1 (10mg, 30.1µmol) was dissolved in 500µL of MilliQ water, followed by the 

addition of Azido-PEG4-NHS ester (13.64mg (90µmol) in 200µL of 

Dimethylformamide(0.45M)). The mixture was left to stir overnight and then 1 drop of Et3N was 

added. After 24h, the reaction was completed (HRMS [M +Na] = 629.2084 m/z). The reaction 

mixture was frozen and lyophilized overnight. The compound was eluted using HPLC (Agilent 

1260 Infinity) with MilliQ water and acetonitrile on a C18 column. Using UV light (210nm) and 

TLC 3.76mg (5.981µmol) of 2 was obtained in a 19% yield as a pale-yellow powder.  

 

1H NMR (600 MHz, D2O) δ 5.12 (app d, J1,P = 8.75 Hz, 1H, H1), 4.19 (dt, J=8.38 Hz, 1H, H6), 

4.02 ( app  s, 1H, H2), 3.76-3.64 (m, 24H, H3, H5, H7a/b, 10 × CH2), 3.53 (t, J = 5.23 Hz, 2H, 

H9, H10), 3.734 (m, H4), 3.45 (t, J = 5.4Hz, 2H, C(O)CH2CH2), 2.58 (t, J = 5.65 Hz, 2H, 

C(O)CH2 H11, H12) 13C{1H} NMR (150 MHz, D2O) δ 91.15 (C1), 73.3 (C4), 66.8 (C2), 65.33 
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(CH2  decyl), 65.33 (CH2 decyl), 65.33 (CH2 decyl), 65.33 (CH2 decyl), 65.33 (CH2 decyl), 65.33 

(CH2 decyl), 65.33 (CH2 decyl), 65.33 (CH2 decyl), 65.33 (CH2 decyl), 65.33 (CH2 decyl), 65.3 

(C6), 65.25 (C5), 64.86 (C7), 46.08 (C8), 31.6 (C9); HRMS m/z calc’d for C20H38N4O15P Na = 

604.20, found [M + Na] = 631.2201 . 

4.5.13 Cyanine 5-T20 oligonucleotide-PEG4-7-O-(amidoethyl)-D-glycero-β-D-manno-

heptopyranose phosphate (3) 

30 nmol of DBCO-Cyanine5-T20 oligonucleotide was mixed with 300nmol of PEG4 

Azide-7-O-(Amidoethyl)-D-glycero-β-D-manno-heptose 1-phosphate in deionized water. It was 

left to mix in a thermocycler overnight. The reaction mixture was then desalted using a 0.2 column 

SephadexTM column in a final volume of 400 µL. The mixture was characterized using a 20% 

analytical denaturing gel (120V, 1h, 0.1 OD per lane). A colorimetric scan, then a StainsAll stain 

with a scan was performed. 3 was purified via 20% denaturing PAGE (250 V, 45 min, follow up 

with 500 V, 1.5 h). The bands were heat shocked then extracted overnight at RT. Subsequently 

recombined with 0.1M DTT in 0.1 M tris pH 8.4, concluded with a concentration and storage are 

4°C. ESI-QTOF analysis was done then 3 was sent to National Research Council of Canada 

(Ottawa) via Xpresspost™. 
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APPENDIX 

A.1 NMR and MS Spectra   

1H NMR, 6 (500MHz, CDCl3)  

 

13C{H} NMR, 6 (125MHz, CDCl3) 
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1H NMR, 7 (500MHz, CDCl3) 
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Water 
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1H NMR, 8 (500MHz, CDCl3) 

 

  

 

1H NMR, 10 (500MHz, CDCl3) 

 

Acetone 

Acetone 
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1H NMR, 11 (500MHz, CDCl3) 

 

 

 

 

1H NMR, 12 (400MHz, CDCl3) 

Toluene 

Water 

Linear long-chain 

hydrocarbons 
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1H NMR, 13 (400MHz, CDCl3) 

 

 

1H NMR, 15 (400MHz, CDCl3)   

 

DCM 

Ethyl 

Acetate 

Ethyl 

Acetate 

Ethyl 

Acetate 



59 

 

1H NMR, 16 (400MHz, CDCl3) 

 

 

 

1H NMR, 18 (400MHz, CDCl3)  
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1H NMR, 1 (400MHz, D2O) 

 

 

 

1H NMR, 2 (600MHz, D2O) 
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13C NMR, 2 (150MHz, D2O) 
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COSY Spectrum, 2 (600 MHz, D2O) 
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HMBC Spectrum, 2  
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HSQC Spectrum, 2 
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A.2 Assessments of conjugation of HMP-LINK with 5’-DBCO-Cy5-T20-SH-3’ 

 

 

 

LRMS (ESI) =  C50H76N6O23P+; Calc’d: 1159.47, [M + H] = 1159.8 
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LRMS (ESI)), Calc’d: 605.21, [M + H] = 605.7 

 

 

 

 

 

 

 

 



67 

 

 

 

 

 

HRMS (ESI), C20H39O15N4PNa+ Calc’d: 629.2042, [M+Na]+ = 629.2084  
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