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Transdisciplinary approaches involving areas such as material design, nanotechnology, chemistry, and immunology have to be utilized to
rationally design efficacious vaccines carriers. Nanoparticle-based platforms can prolong the persistence of vaccine antigens, which could
improve vaccine immunogenicity1. Several biodegradable polymers have been studied as vaccine delivery vehicles1; in particular, polyanhydride
particles have demonstrated the ability to provide sustained release of stable protein antigens and to activate antigen presenting cells and
modulate immune responses“z.

The molecular design of these vaccine carriers needs to integrate the rational selection of polymer properties as well as the incorporation of
appropriate targeting agents. High throughput automated fabrication of targeting ligands and functionalized particles is a powerful tool that will
enhance the ability to study a wide range of properties and will lead to the design of reproducible vaccine delivery devices.

The addition of targetinq ligands capable of being recognized by specific receptors on immune cells has been shown to modulate and tailor
immune responsesm‘“' 3 C-type lectin receptors (CLRs) are pattern recognition receptors (PRRs) that recognize carbohydrates present on the
surface of pathogens. The stimulation of immune cells via CLRs allows for enhanced internalization of antigen and subsequent presentation for
further T cell activation'"®. Therefore, carbohydrate molecules play an important role in the study of immune responses; however, the use of
these biomolecules often suffers from the lack of availability of structurally well-defined and pure carbohydrates. An automation platform based
on iterative solution-phase reactions can enable rapid and controlled synthesis of these synthetically challenging molecules using significantly
lower building block quantities than traditional solid-phase methods'®"".

Herein we report a protocol for the automated solution-phase synthesis of oligosaccharides such as mannose-based targeting ligands with
fluorous solid-phase extraction for intermediate purification. After development of automated methods to make the carbohydrate-based targeting
agent, we describe methods for their attachment on the surface of polyanhydride nanoparticles employing an automated robotic set up operated
by LabVIEW as previously described'®. Surface functionalization with carbohydrates has shown efficacy in targeting CLRs'®"" and increasing the
throughput of the fabrication method to unearth the complexities associated with a multi-parametric system will be of great value (Figure 1a).

Video Link

The video component of this article can be found at https://www.jove.com/video/3967/

Protocol

1. High-throughput Carbohydrate Synthesis

1. Prior to the automated synthesis of dimannoside, a suitably protected sugar donor, typically trichloroacetimidate, and acceptor, mainly an
alkenyl fluorous alcohol, are synthesized on the bench-top.

2. A program is written for the automated synthesis of dimannoside. A schematic representation of the basic automated procedure is presented
in Figure 2. In the program, it is ensured that before the addition of the promoter, the mixture of donor and acceptor is stirred for at least 30
min.

3. Solutions of the synthetic donor, acceptor and trimethylsilyltrifluoromethanesulfonate are made in dichloromethane. Toluene and
dichloromethane are used most frequently for glycosylation reactions.

4. Also, prepare solutions of reagents for the deprotection of temporary protecting groups in 80% methanol and 100% methanol.

5. Prior to the start of the program, ensure that the relative humidity in the room is 30% or lower in the automation chamber. High humidity is
detrimental for glycosylation reactions.
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Once the program is started, the robotic arm transfers the solutions of donor and acceptor into the reaction vial sequentially. Then the mixture
is stirred for 30 min.

Next the robotic arm transfers 0.2 to 0.3 equivalents of trimethylsilyltrifluoromethanesulfonate into the mixture, typically at room temperature
although lower temperatures like -20 °C can be attained. The reaction mixture is stirred for 30 min.

After 30 min, the reaction is stopped and a small aliquot removed to monitor the reaction progress. If not complete, the reaction can be
continued and ultimately the time required can be modified.

Once the reaction is complete, the reaction mixture is transferred to the fluorous solid phase extraction (FSPE) cartridges containing CgF47-
modified silica gel for purification.

The cartridges are first washed with an 80% methanol-water mixture (8 mL) to get rid of the non-fluorous fraction.

Then the cartridges are washed with 100% methanol to obtain the desired fluorous-tagged product. If additional purification is desired, the
machine can be stopped and the reaction product(s) removed for purification by additional means.

After the purification cycle, the robotic arm dispenses sodium methoxide into the reaction vial. The reaction is stirred for 2 hr. If not complete,
the reaction can again be continued for a longer period and ultimately the programmed time required can be modified.

After the completion of the reaction, the product is purified by FSPE and then subjected to dissolution in anhydrous toluene followed by
evaporation to remove residual water.

Then the cycle (from step 6 to 13) is repeated till the desired chain length is obtained for the target molecule.

The protected product obtained from automation is then further purified and fully characterized by techniques such as nuclear magnetic
resonance (NMR) spectroscopy. Complete deprotection (removal of all remaining protecting groups) of the final target molecule is then
completed outside the automation platform as a rule because it usually involves explosive hydrogen gas and palladium. The final deprotection
step was carried out on bench-top outside the automation platform. The first step was ozonolysis of the double bond in fluorous tag followed
by oxidation of the produced aldehyde to a carboxylic acid. The product was purified by column chromatography. The final step was
deprotection of benzyl ether groups by palladium-catalyzed hydrogenation. The product was passed through celite pad to get rid of palladium
to get pure final product.

2. High-throughput Nanoparticle Surface Functionalization
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. The functionalized nanoparticle library is then placed in a vacuum chamber to dry for at least 2 hr.
16.

High-throughput polymer synthesis and nanoparticle fabrication is carried out following the same protocol and robotic set up

described by Petersen et al'. The copolymer systems used for particle fabrication are based on sebacic acid (SA) and 1,6-bis(para-
carboxyphenoxy)hexane (CPH), and 1,8-bis(para-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) and CPH. A schematic representation of the
robotic deposition apparatus utilized is presented in Figure 1b.

Following nanoparticle fabrication, the holder containing tubes with the nanoparticle library is reattached to the linear actuator stage.

For attachment of carbohydrates to the surface of polyanhydride particles, an amine-carboxylic acid coupling reaction 2 consisting of two
consecutive reactions is performed.

For the first reaction, the syringe in the first programmable syringe pump is filled with 10 equivalents (eq.) (equivalents of average molar
carboxylic acid concentration on particle surface) of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and 10 eq.

of ethylenediamine in an aqueous solution, while the syringe in the second programmable syringe pump is loaded with 12 eq. of N-
hydroxysuccinimide (NHS) in aqueous solution.

Using the LabVIEW program, reagent suspensions are deposited into the nanoparticle library*.

Next, each sample is sonicated (30 s at 40 Hz) and the tube holder is detached from the robotic platform.

Nanoparticle suspensions are incubated for 9 h** with constant rotation at 4 °C.

After reaction time is completed, tubes are centrifuged (12000 x g for 5 min) and returned to the robotic station to perform two washing steps.
For washing, a syringe remains empty and loaded in the first programmable syringe pump while the syringe in the second syringe pump is
filled with cold water. The supernatant in each tube is withdrawn into the empty syringe and the second pump deposits cold water.
Homogenization of nanoparticle suspension is performed as described on step 2.6. Tubes are then centrifuged (12000 x g for 5 min) and a
second wash step is performed as described on step 2.9.

For the second reaction, two deposition steps are used. In the first deposition step, 12 eq. of EDC are loaded with one pump and 12 eq. of
NHS are loaded with the second pump.

The second deposition step includes 10 eq. of an specific saccharide on the first and second pumps (i.e., galactose, lactose or di-
mannose)*** and a third pump with 10 eq. of glycolic acid (used as control****).

Nanoparticle suspensions is homogenized as described on step 2.6 and incubated for 9 h with constant rotation at 4 °C.

After the time of reaction is completed, a wash step is performed as described in steps 2.8, 2.9 and 2.10.

The functionalized nanoparticles are then characterized by X-ray photoelectron spectroscopy and a high throughput phenol-sulfuric acid
assay to determine the surface composition and concentration of the saccharide respectively. Scanning electron microscopy and dynamic
light scattering are utilized to determine particle size, size distribution, and surface charge.

Notes: *Deposition volumes vary with the mass of nanoparticles contained in each tube.

**Reaction times for first and second reactions can be changed to adjust the final saccharide concentration.

***Each saccharide is deposited into test tubes depending on the desired group.

****For the specific reaction employed in this study for the attachment of carbohydrates, glycolic acid is used as a linker control since deprotected
saccharides already have this molecule covalently linked, which allows for further attachment to nanoparticle surface.

3. Representative Results

The fully protected dimannoside shown in Figure 2 was synthesized using the automation platform. The synthesized compound was
characterized by "H NMR in a VXR 400 MHz spectrometer using CDClI3 as solvent. The NMR spectrum is shown in Figure 3.

Utilizing the high-throughput nanoparticle fabrication and functionalization of polyanhydride nanoparticles described herein, attachment
of dimannose, lactose and galactose has been carried out successfully 10.1 Using this set up, optimal reaction conditions (i.e., reaction
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temperature and time) were identified to achieve desired nanoparticle functionalization and morphology. When the reaction was carried out at 4
°C instead of room temperature, a reduction in nanoparticle aggregation was observed by SEM (data not shown). Table 1 shows representative
results of the characterization of functionalized 50:50 CPTEG:CPH nanoparticles with either di-mannose or lactose, synthesized at 4 °C. The
data indicate a small increase in the average nanoparticle diameter due to the functionalization. While the non-functionalized nanoparticles

had a negative zeta potential of approx. -20 mV, the functionalized particles showed a positive zeta potential value, demonstrating successful
functionalization of the nanoparticle surface. Lactose and di-mannose are both neutral sugars; however, free amine groups from the ethylene
diamine linker utilized to attach the saccharides may be responsible of the positive zeta potential.

Reaction time is another variable that could affect both the final morphology of the nanoparticles and the degree of sugar attachment achieved.
By adjusting the reaction time, the final sugar concentration attached to the nanoparticles surface can be controlled as shown in Figure 4A.

As expected, the concentration of dimannose on the surface of 50:50 CPTEG:CPH nanoparticles increased with the total time of reaction and
reached a maximum after 18 hr. Nanoparticles functionalized with the 24 hr total reaction time were used to evaluate their ability to target CLRs
on mouse bone-marrow derived dendritic cells (DCs). Flow cytometry was used to evaluate the expression of two CL receptors (i.e., CIRE
(CD209, DC-SIGN) and mannose receptor (CD206)) after stimulation with non-functionalized, and lactose and di-mannose functionalized
nanoparticles (Figure 4B). A higher expression of both receptors, which is an indicative of effective targeting, was obtained when cells were
stimulated with both lactose and di-mannose functionalized nanoparticles. However, di-mannose-functionalized particles showed a higher level of
expression indicating a specificity of this ligand for the receptors that were studied.

Nanoparticle type Average Particle Diameter (nm) Average Particle -Potential (mV)
Non-functionalized 162 + 43 -20+0.6
Lactose 235+ 34 26+24
Di-mannose 243 £ 32 30+£4.2

Table 1. Nanoparticle characterization. Non-functionalized and functionalized were characterized by quasi-elastic light scattering and zeta
potential measurements. Particle size data represent the mean value + standard deviation (SD) of dynamic light scattering data collected in three
independent experiments. Zeta potential data represent the mean value + SD of three independent readings. Change in the sign of the zeta
potential demonstrates that sugar was efficiently conjugated to the 50:50 CPTEG:CPH nanoparticle surface.
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Figure 1. (A) Graphical representation of the approach pursued with carbohydrate functionalization of polyanhydride nanoparticles and an
example of the functionalized nanoparticle libraries that could be designed with the described high-throughput approach. (B) Schematic
representation of the automated deposition apparatus utilized for particle functionalization, which consists of (i) three NE 1000 pumps; (ii) a
robotic stage integrated by two actuators (Zaber): one for movement in the x direction and the other for movement in the y direction; (iii) a second
robotic stage with two adjacent racks (appropriate for tubes and cuvettes) consisting of three actuators, one for each direction (x, y, and z). The
pumps and a total of five actuators are connected in series. Actuators and pumps are operated by a computer using LabVIEW software. This
diagram is not to scale. Click here to view larger figure.
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Figure 2. Graphical representation of the automated iterative synthesis of carbohydrates using mannose as an example.
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Figure 3. "H NMR of the protected dimannoside.
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Figure 4. (A) Effect of reaction time on nanoparticle surface concentration of saccharide. In the data shown, 50:50 CPTEG:CPH nanoparticles
were functionalized with dimannose at different reaction times and the reaction was carried out at 4 °C. The average and standard error of
two independent functionalization experiments is shown. (B) Lactose and di-mannose functionalized nanoparticles effectively target DC-SIGN
(CIRE, CD209) and mannose receptor (CD206) on bone marrow-derived dendritic cells as demonstrated by the enhanced expression of these
two markers after stimulation with functionalized 50:50 CPTEG:CPH nanoparticles when compared with the expression obtained with non-
functionalized particles.
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The efficacy of carbohydrates as targeting agents to direct nanoparticle interactions to immune cells has been previously demonstrated 10.11,

Previous research in our laboratories have shown that specific sugars attached to polyanhydride nanoparticles are able to target different CLRs
on antigen presenting cells (APCs), thereby enhancing the activation of immune cells which may be important for further T cell activation 1.1,
However, to achieve optimal targeting several parameters—such as the polyanhydride chemistry, size, type of sugar or surface sugar density—
need to be optimized and therefore increasing the throughput in the fabrication method to unearth the complexities associated with such a multi-
parametric system will be of great value. In addition, the use of functionalized nanoparticles if of great value to other related areas of research,
including biosensing, enzyme immobilization, and detection of foodborne pathogens.

By utilizing the described high-throughput synthesis of carbohydrates, the challenges in the reproducible synthesis of carbohydrate molecules
can be mitigated. Automated parallel reactions of the same sugar can produce larger amounts of material as needed. The known roles of
sugars and glycoconjugates are rapidly expanding. Nevertheless, an understanding of the molecular mechanisms of carbohydrates in many
processes, e.g. signal transduction pathways or cellular recognition processes 21, relies on the easy and cheap availability of structurally well-
defined saccharides. Protection/deprotection strategies to control the reactivity of various hydroxyl groups for precise chain extension are a prime
requisite for sugar synthesis, but are tedious and time-consuming. Oligonucleotides and oligopeptides are regularly and efficiently synthesized
by using automated synthesizers 2.2 A solid phase synthesizer is available for oligosaccharide synthesis 2 , but suffers from some serious
disadvantages: e.g., large excesses of building blocks (5 to 20 equivalents per coupling step), the lack of facile monitoring of reaction progress,
and the inherent variability of the solid-phase resins used. A new solution-phase automation platform, however, requires only 2 to 3 equivalents
of these precious building blocks. In this platform a variety of fluorous tags, such as the alkengl fluorous group, enables fluorous solid-phase
extraction (FSPE) to purify the intermediate products easily from non-fluorous compounds 18,25,26 However, as shown here, these tags do

not preclude solution-phase glycosylation and deprotection reactions in standard organic solvents. Also, unlike any solid-phase automated
synthesizer, this new platform allows standard reaction monitoring strategies such as mass spectrometry (MS) and thin layer chromatography
(TLC) at any stage.

As described in the results section, following the high-throughput functionalization of nanoparticles presented herein, reaction conditions

(e.g., reaction time and temperature) to achieve optimal nanoparticle morphology after functionalization have been optimized. Optimal
reaction temperature may need to be optimized depending on the polymer properties used to fabricate the nanoparticles (e.g., glass transition
temperature (Tg), degradation rates). For example, when using polymers with low T4 (below room temperature), the functionalization reactions
will need to carried out at low temperatures, which is the case for some of the polyanhydride chemistries utilized in our research group.
Optimization of the total reaction time employed for particle functionalization is desired especially when particle chemistry with different
degradation rates need to be functionalized. Shorter reaction time may be ideal to functionalize bulk-eroding materials especially when a
targeting sugar needs to be attached to drug- or protein-loaded particles. Sugar concentration on particle surface may be an important variable
to direct the biological performance of these carriers. The biological outcome of varying sugar concentration is a current area of study in

our laboratories. The use of this high throughput set up to fabricate and functionalized polyanhydride nanoparticles allows for the testing of
multiple variables faster than conventional fabrication and functionalization methods. The main limitation of the high throughput technique is
the maximum batch size of particles that can be obtained since it is limited by the size of the containers that can fit in the apparatus holders:
however, since the main use of this set up is for screening smaller size batch can be efficiently use for this purpose.

NLBP is cofounder and holds equity in the carbohydrate company LuCella Biosciences, Inc.
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