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Abstract

Peptide therapeutics have immense potential for a variety of molecular targets. Their low
toxicity makes them very desirable for oncology and other areas including personalized
medicine.*® However, large-scale peptide manufacturing is expensive with large waste e-factors.
Long coupling, deprotection, washout times, and potential diffusional limitations hinder solid
phase peptide synthesis (SPPS), generating tremendous solvent and reagent waste. This report
aims to identify the cause of these problems, determine how to decrease these inefficiencies, and
minimize the time needed per coupling. Residence time distribution experiments were run to
understand the time it takes for an amino acid to flow through the reactor as well as the dispersion
present during synthesis. A zero-length chromatography (ZLC) column was used to characterize
diffusion limitations in which the uptake and release of a tracer amino acid through resin was
measured and then analyzed. Ultimately, it was found that hydrodynamic oscillations lower the
residence time and reducing headspace lowers the dispersion in the reactor. The system was found
to be diffusion limited 4-5 minutes after initial release of the tracer amino acid. By reducing the
headspace, retaining the oscillation, and controlling the flow rate after the initial washout period,

SPPS processes are optimized with less waste and less cost, making the process more sustainable.
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Chapter 1 Introduction

Since the 18" century, modern medicine has grown rapidly to what is observed today.
There are many types of therapeutics available, including small molecules, biologics, protein-
based, peptide-based, and more. While small molecule, biologics, and protein-based therapeutics
are relatively explored in the 20" century, peptide therapeutics has swiftly developed over the last
two decades.’

The use of peptides as therapeutics has been studied for years as they have immense
potential for a variety of molecular targets including receptor proteins, extracellular proteins, and
intracellular proteins. They also have low toxicity which makes them very desirable for oncology
and other areas including personalized medicine.*® Over the last two decades, 7000 naturally
occurring peptides have been discovered; peptide-based pharmaceuticals have immense potential
for the pharmaceutical industry, and they continue to gain popularity as therapeutic agents. As of
2018, there were over 60 FDA-approved peptide drugs on the market, as well as 140 in clinical
trials, and 500-600 in preclinical development.” Peptides have been recognized as key biological
mediators with remarkable potency, selectivity, and low toxicity.’

Particularly, personalized medicine, or precision medicine, has gained much interest as a
potential market for pharmaceutics. For instance, interference peptides can be used to block
selective interactions between proteins that are not easily treated by small molecules or larger
biologics with the ability to access intracellular or secreted proteins. This way, cancer cell protein-
protein interactions can be selectively targeted and manipulated by personalized peptides,
impairing cancer progression.>® Other potential uses of peptide in personalized medicine include

treating diabetes by acting as a biomarker and treating cancer with vaccine.?> %



While peptides demonstrated strong potential as a pharmaceutical drug, large-scale peptide
manufacturing is expensive. Even with the discovery of solid-phase peptide synthesis (SPPS),
peptide synthesis proves to be costly, requiring copious quantities of reactants, solvents, and
sequence accuracy. Combined, current methods for peptide manufacturing generate a tremendous
amount of waste, making peptides unsuitable for mass production and keeping the peptide
therapeutics market small.'’

Solid phase peptide synthesis (SPPS) is typically the most efficient method of peptide
manufacturing. Nevertheless, SPPS still generated substantial amounts of waste due to challenges
and limitations. The current method of synthesis is inefficient due to long coupling times and can
be quite costly. In order to obtain a high yield of the desired product, efficient coupling of every
amino acid is required.*® However, to achieve this, excess amino acids, deprotecting agents, and
solvents are needed which produces a lot of extra waste and makes the process very expensive.
This waste can be quantified using the e-factor, or environmental factor, which is the ratio of mass
of waste to mass of product. Typically for small molecule synthesis the ratio is hundreds of
kilograms of waste to one kilogram of product. However, for peptide synthesis, e-factor ratios have
been reported as high as thousands of kilograms of waste per kilogram of peptide product.*® This
value is extremely high and correspondingly very costly. The challenge here is that when reducing
the amount of excess material and coupling times, there are unwanted consequences. There can be
deletions, where coupling was not fully completed, double coupling due to poor washout, or the
resin could get clogged due to lack of solvent in the reactor.

In summary, SPSS is the process where amino acids are added one-by-one to a solid
polymer resin, growing a peptide chain that will be cleaved and purified as a therapeutic product.

In this process, amino acids are injected into the system in a sharp pulse, diffuse through the resin



to the active chain end, react and then have the excess washed out in preparation for the next step.
This report aims to identify the cause of many of the problems that come with SPSS, determine
how to decrease these inefficiencies, and minimize the time needed per coupling. Residence time
distributions (RTDs) in the actual reactor bed are used to measure how sharp the injection is and
how fast the washout is. Different parameters were analyzed to determine how they affect washout
time and it was hypothesized that there are significant diffusional limitations are present within
the resin as the peptide grows within it. Zero length chromatography (ZLC) is used to measure the
slow diffusion step inside the polymer and to quantify the diffusivity in both fresh and peptide-
bound resins. Ultimately, the goal is to decrease coupling and washout times to make the process
more efficient and to decrease unnecessary waste. This will lead to higher product yields, a greener

process, and will significantly decrease manufacturing costs.



Chapter 2 Technical Background

2.1 Solid Phase Peptide Synthesis (SPPS)

Peptides are small proteins of less than 50 amino acids, liked together by peptide bonds.
Amino acids are made up of an amino group, a carboxyl group, and a side chain, or R-group.
Figure 1 below shows these components and how two amino acids can be covalently linked

together by a peptide bond, resulting in a dipeptide.*!
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Figure 1. Schematic of Peptide Bond Formation #

Peptides occur naturally in the body and are produced in cells through transcription and
translation. The instructions to build peptides are located in a person’s DNA. However, DNA is
just the storage of this information. To read the code, the DNA must first be transcribed into RNA
using RNA polymerases. There are three different types of RNA, messenger RNA (mMRNA),
ribosomal RNA (rRNA), and transfer RNA (tRNA). mRNA contains the code to create
proteins/peptides, rRNA molecules are a part of the ribosome where synthesis occurs, and tRNA

is responsible for delivering amino acids to the ribosome throughout synthesis. After transcription,



the mRNA must be translated into a peptide. During translation, the ribosome reads the mRNA to
string together amino acids. Each amino acid is represented by a three-nucleotide sequence called
a codon, and there are start and stop codons to tell the ribosome when to begin and end translation.
Once the ribosome hits the stop codon, synthesis ends, and the peptide is completed.®

Peptides can also be synthesized synthetically for use in the pharmaceutical field. During
synthetic peptide synthesis, the amino acids are linked together from the C-terminus side (carboxyl
group) to the N-terminus side (amino group), which is the opposite of what is done within cells.3’
There are two main types of synthesis: fragmented assembly and stepwise synthesis. Fragmented
assembly involves covalently linking pre-constructed peptide fragments, while stepwise synthesis
links amino acids one at a time. This report will focus on stepwise synthesis, also known as “Solid
Phase Peptide Synthesis,” which was developed by Bruce Merrifield. The development of SPPS
revolutionized how synthetic peptides were made by increasing yield, avoiding loss, increasing
solvation, decreasing aggregation, and enabling automation. Merrifield was awarded the Noble
Prize in Chemistry in 1984 for his impressive work. The process involves growing a peptide chain
on solid matrix (resin) that is insoluble. The amino acids are added on in a stepwise manner and
stay anchored to the matrix. Since both the peptide and matrix are insoluble, any excess reactants
or products formed at each step can be washed away before adding the next amino acid. This
process has a variety of advantages including preventing product loss, speeding up coupling
reactions, and most importantly, it is a simple procedure.?

A summary of the peptide synthesis process can be seen in Figure 2 below. To begin, the
resin must be prepared. The Merrifield resin is made using polystyrene beads with divinylbenzene
as the crosslinking agent.?’ To increase the volume and make the gel-like resin, the organic solvent

dichloromethane (DCM) is mixed with the beads. Once swollen to the desired volume the excess



solvent is removed and dimethylformamide (DFM) is used to wash the resin and is then removed
as well. Next is the deprotection/coupling cycle.® The C-terminus of the first amino acid is bound
to the resin via a covalent bond, while the N-terminus is blocked by an Fmoc (or Boc) group. This
protects the amino acid end, but this protection needs to be removed before it can couple to another
amino acid. This Fmoc group can be removed using a strong acid and is neutralized after using a
strong base. Once deprotected, that resin-bound amino acid is ready to couple with a second Fmoc-
amino acid. However, to do so, the reaction must be activated. The most common way to activate
the reaction is using dicyclohexylcarbodiimide. As seen in Figure 2, to continue growing the
peptide, the deprotection and coupling steps must be repeated for each amino acid. Once the
desired peptide length is achieved, the final amino acid is deprotected and cleaved using a strong

acid such as hydrofluoric acid (HF).% 2°
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2.1.1 Resin

The choice of resin is integral in solid-phase peptide synthesis. Here, four types of resin
are examined: polystyrene, Merrifield resin, Polyethylene glycol (PEG), and ChemMatrix®.
Typically, resins used for SPPS are prepared and utilized as small, spherical beads. The resins are
swelled before SPPS to minimize diffusion limitations by creating a porous environment for
peptide synthesis. A larger swelling factor is usually desired for a higher diffusion rate, shorter
reaction time, and more complete chemical conversion.*® Loading, or the number of reactive sites
per gram of resin, is also a crucial factor to consider. Having more loading sites will provide more
active sites for peptides to react on. However, more loading sites also leads to an increased
possibility for aggregation and side reactions. Resins also differ in how they behave in contact
with acids or bases. This can be modified by adding permanent linkers that adjust the resin’s acid-
base properties.

Polystyrene is a hydrophobic resin that is commonly used in SPPS, usually with 1% or 2%
divinylbenzene (DVB) as a crosslinking agent since polystyrenes are insoluble in all common
solvents.! Crosslinking involves joining at least two molecules through a covalent bond. Increasing
the number of crosslinks in a material make it more rigid and less able to swell. Polystyrene resins
are inexpensive, widely available, and inert to all reaction conditions seen in SPPS. Typically, 75-
to-150-micron diameter beads are used to have faster reaction dynamics with consideration of
filtration time; the smaller the bead, the faster the diffusion.! Filtration time is related to diffusion
time by the following equation, where D, is the diffusion coefficient of substance A through B,

and L. the length of column:

1)



While polystyrene is routinely used for large-scale SPPS, it is not suitable for longer, larger,
and more complicated peptide synthesis processes. Its hydrophobicity amplifies aggregational
behavior. When synthesizing longer, larger peptides, secondary structures are more likely to form
than other resins. As the elongated peptide starts to form these secondary structures, the possibility
of aggregation increases. Aggregation occurs when the peptide folds in on itself to become a cluster.
The effects of aggregation on a peptide can range from slightly slower reaction rates to a failure
of both deprotection and acylation reactions.'® Deletion and incomplete fragmentation of peptides
are also likely.*®

Merrifield resin, or chloromethylated polystyrene, is the most fundamental substituted
polystyrene used for peptide synthesis. This gel is prepared by suspension copolymerization of
styrene and 1% DVB as a crosslinking agent as well as nucleophilic displacement of chlorine. The
resulting spherical beads are about 50 micrometers in diameter when dry. With dichloromethane
as the solvent, Merrifield resin can swell up to 5 to 6 times its original volume. Generally, it is
stable for most of the reaction conditions in solid-phase synthesis and requires a strong acid for
cleavage.?

Polyethylene glycol (PEG) is another resin that is commonly used for solid-phase peptide
synthesis. It is polar, with nearly constant swelling during the course of synthesis using the
continuous flow method. Compared to polystyrene resins, PEG offers enhanced purity for crude
peptides by having a higher polarity and improved swelling properties in polar and nonpolar
solvents. It is more suitable for use when synthesizing larger, longer peptides in terms of purity
and yield compared to polystyrene resins.! However, PEG grafted resins only allow small loadings
and are less chemically stable under SPPS conditions. The instability could lead to leaching during

the cleavage step of SPPS.%°
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ChemMatrix® resin, seen in Figure 3, is a 100% PEG-based, polar resin that is constructed
exclusively with primary ether bonds, making it chemically stable and less prone to leaching. It
has high loading (0. 4-0.7 mmol/g), excellent swelling properties (up to 8 times the original volume
in dimethylformamide), and great solvent compatibility.*?*° Compared to using polystyrene resins,
ChemMiatrix® resin is more suitable for long, complex, or hydrophobic peptides.*® ChemMatrix®
resin is considered to be a breakthrough resin used in SPPS, providing the conditions to synthesize

and obtain difficult peptides through simple synthesis.

'HHP»D-’R_[DV‘];D-”WIE
|

- #
H=N’“f”‘~uﬁ-l':"~f‘lm"“{"“ NH,
N i :Oiqz‘““]}O:\f’:NHz
H:Nf‘«:i o “vt ‘*/‘]:EI HEJ‘L NH,

Figure 3. ChemMatrix® Resin. Left: molecular structure of ChemMatrix® Resin built on completely stable
polyether bonds. Right: Microscopy on ChemMatrix® Resin bead (150 10 um swelled in different solutions).*? %

2.1.2 Mixing Challenges, Diffusional Limitations, and Potential Resolutions

While SPPS is convenient for generating a large quantity of peptides through a continuous
flow process, there are many limitations to this process. Previous research found that the time
required to assemble polypeptides is a major limitation for flow based, continuous SPPS methods.
Standard Fmoc SPPS methods require 60 to 100 minutes to incorporate each amino acid residue,
leading to slow washes.*? Multiple washes are also necessary to effectively wash out the solute,
requiring up to hours of time. While increasing the flow rate helps to increase the pressure and
drive SPPS, the increase in flow rate may collapse the solid support and increase the backpressure

too rapidly. Additionally, the SPPS systems recirculate low concentration reagents rather than

11



continuously replenishing high concentration reagents. While doing so conserves activated amino
acids, it results in slower amide bond formation.*? Furthermore, increasing the flow rate demands
leads to more waste. For instance, if the flow rate of a particular wash step is 40 mL/min and
flushing out all remnants of the previous step requires 2 hours, 120min, 4.8 L of solvent are
consumed for this single step in SPPS. Now, consider synthesizing a peptide with 15 amino acids
—there will be more than 30 steps required, each of which requires liters of solvent. A large amount
of waste is highly undesirable.

Other limitations include the clogging of the packed bed, or resin, during SPPS. Peptides
that formed during the process may not be removed between washes and this aggregates the resin-
packed bed. SPPS is driven by pressure — with clogging of the packed bed, more pressure, or more
flow is necessary to push fluid through it. Mixing problems also occur where molecules are trapped
in one place and do not react when needed. There are two distinct zones within SPPS where mixing
is critical; a zone within the resin beads through solid phase diffusion, and another within the fluid
through reactor-scale mixing and dispersion. This type of mixing problem can be monitored with
spectrometers such as UV-Vis. Increasing the temperature of the reaction process may help with
activation, thus reducing the likelihood of trapped molecules within the packed bed. Clogging of
the packed bed and mixing problems usually result in slow washing as well as double coupling or
deletions during SPPS. Double coupling or deletions can also result from a fast wash that did not
wash out cells very well or a fast-deprotecting process that did not deprotect all amino acids. To
improve the quality of the crude yield and eliminate the number of double coupling or deletion
occurrences, different resin, solvent, and protecting groups can be considered for the process. The
reaction time and the temperature at which SPPS is operating can also be increased to reduce

double coupling and deletions during synthesis.*®
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2.2 Flow in Packed Columns

Flow in packed column reactor is similar to a high-performance liquid chromatography
column (HPLC) due to chromatographic hold ups as well as similar flow schematic. 22 HPLC is
one of the most common techniques used in chemical and pharmaceutical analysis. It is an
analytical technique in which the components of a mixture can be separated and purified.>® The
separated components can then be analyzed individually in the detector to prevent the interference
of other components. Under appropriate conditions, HPLC has a high level of reproducibility and
a level of sensitivity even while there is a low sample consumption. HPLC also allows for samples
to be dissolved in the solvent without the need to be vaporized, making this method much more
widely used in the pharmaceutical field than gas chromatography.*® As seen in Figure 4 the solvent
and the sample are pumped at a specified flow rate to the injection valve which then sends them
to the column. The mobile phase, which is the moving liquid, passes through the stationary phase,
which for HPLC is typically a packed column. After going through the column, the components
pass through a UV detector to be analyzed. HPLC is a relatively simple technique to use due to

the automation of the sample trays and valve changes.*°

Computer
Eluent
I Sample =kl ‘ ]
Qih Waste
Pump

Injection Column
valve

Figure 4: HPLC Flow Schematic and Main Parts 2
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Figure 5 illustrates a SPPS process that utilizes the advantages of an HPLC stack. Here,
the affluent and the amino acid are pumped, and the coupling solution is pumped into the system
separately. The two streams then enter a reactor in a warm bath where peptide synthesis occurs.
The SPPS flow schematic is very similar to the HPLC flow schematic. In fact, it is an alteration of

the HPLC schematic, with reactor replacing the column and additional inlet streams.

A)

50% Piperidine
in DMF DhIF

Coupling
Solution

Heat
Exchange

__________ [Waste]

% 3-way valve ***Temperature-
Controlled Bath

. quick connect

Figure 5. Solid Phase Peptide Synthesis (SPPS). A) Flow Schematic of Fmoc SPPS B) Reaction Vessel*

Due to the similarity to the flow in a packed bed reactor, the HPLC platform will be used
to experimentally find the diffusion coefficient of various amino acids in different resins. To do so
the reactor vessel will be replaced with a zero-length column (ZLC). For our method, UV-vis is
able to be used as the detector since the amino acids being used are FMOC protected. FMOC has

an aromatic ring that absorbs well in the UV range.
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2.2.1 Height of the Theoretical Plates (HETP)

The height of the theoretical plate (HETP) can be used to analyze the chromatography
column efficiency, as well as chromatographic hold up which is the time that the amino acids
remain stuck within the column. HETP is a measure of zone broadening that is based on the theory
that the chromatographic column contains many separate layers, or theoretical plates, with
separative equilibriums.*” Each plate represents an equilibrated partition of the solute. Generally,
the larger the number of plates or the smaller the number of HETP, the greater the efficiency of
the chromatographic column, and the narrower the absorption peaks are for chromatography.
HETP and the number of theoretical plates is useful when optimizing the injection column, sample
concentration, flow rate, and column temperature of the SPPS.2

Several assumptions are made universal for chromatography techniques. First, the
separation is assumed to be uniform throughout a chromatographic column. Theoretically, a
column can be equally divided into a number of lengths, segments, or stages. It is also assumed
that there is sufficient time to reach equilibrium, partitioning the solute into mobile and stationary
phases within each stage of the column. Additionally, each stage approximately equals one
theoretical plate for liquid chromatography, which is the case for HPLC as well as ZLC, which is
another chromatography method that will be discussed in the following section. After equilibrium
is reached, the solute is transferred to the next stage by the mobile phase until the solute reaches
the end of the column, where the characteristic retention time and peak widths can be recorded.
The number of theoretical plates can be then calculated with Gaussian distribution. When the curve
is skewed, the non-Gaussian peaks give underestimated plate counts.®

For the HETP, the Gaussian distribution method that can be used to determine the number

of theoretical plates through derivation:
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Here, N is the number of theoretical plates, t; is the retention time, and wt is the peak width in units
of time. These variables can be obtained by observing the Gaussian chromatographic plot of

relative peak height v. time as shown in Figure 6.3 The variable values can then by used to interpret

residence time distribution profiles.
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Figure 6. Gaussian Chromatographic Plot of Relative Peak Height v. Time, with key parameters indicated on the
curve ®

HETP is also related to the intraparticle diffusion. Using moment equations for a single
solute pulse within a packed chromatography column that is also valid for liquid chromatography
in a packed column, the effect of superficial fluid velocity (U) on HETP equation relate HETP to

is given by:

Ry , Rp(K—ep)

D, €
HETP =2—+2U 14—
U + 1—¢€ (Skf + 15K?2D, )L+ (1-6e)K

)~ ©)
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Here, € is the void fraction of the packed column, K is the absorption constant for the solute
on the catalyst assuming linear adsorption isotherm, D, is the effective diffusivity of the solute
within the catalyst micro- or meso- pores (cm?/s), D, is the axial dispersion coefficient (cm?/s), ks
is the convective mass transfer coefficient of solute for flow of solvent around the catalyst particle,
and €, is the void fraction occupied by catalyst pores.*

In Equation 3 above, the axial dispersion (D), convective mass transfer resistance, and the
effective diffusion resistance terms are linearly additive. This means that with Reynolds numbers
0.0015 < Rep < 55, for Rep based on diameter of particle dp, the value of ks can be estimated using
the mass-transfer velocity since the intraparticle mass-transfer resistance is usually match greater
than the convective mass-transfer resistance at such small Reynolds numbers.

HETP is also related to the binding affinity (K), or the binding interaction between an
immobilized ligand and its binding partner in a chromatography column in Equation 3. K can be
obtained using the slope of u v. 1/U data from the following equation:

L 1-¢€
M=E(1+TK) (4)

As the surface diffusion coefficient for solute diffusion in liquid-filled pores decrease
logarithmically, the absorption constant K increases. Solute-absorbent interaction led differences

in surface diffusion coefficients may be integral in determining the overall effective diffusivity.*

2.3 Diffusion in Porous Media

Diffusivity is a term that describes the movement of one material through another. It is the
relationship between the concentration flux (J) and the gradient of chemical potential.?® The
diffusion coefficient is a measure of the rate at which a material moves.'* This coefficient changes

as the parameters of a system change. The diffusion coefficient D can often be solved by using
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Fick’s law of diffusion and a mass balance around a transient sphere with no reaction or advection

which consists of the following two equations:©

Fick’s Law of Diffusion Z—Z = 7‘22% (r 2 g—z> )
Reactor Mass Bal 99 _p(%a, 20 6
eactor Mass Balance 5= PCla2tra, (6)

Using Equation 5, the diffusion coefficient can be fit by integrating the equation over time
and comparing the changing concentration q(t) with the experimentally measured concentration
that is absorbed or released from a polymer bead. Equation 5 can be applied to systems that are
not steady.® Here Fick’s law is shown in radial coordinates.?’ Typical diffusion coefficients for a
molecule in the gas phase are from 10 to 10> m?/s while diffusion for molecules in the liquid
phase is typically much slower from 101° to 10° m?%/s.° Fick’s law of diffusion can be used to
calculate the diffusion coefficient of a molecule when using zero-length chromatography by using
the mathematical model that will be further discussed in section 2.3.2. In this case, the diffusion
coefficient is the movement of an analyte (an amino acid) through the polymer resin. In an ideal
situation, the diffusion will be the same in both pure liquids and through the resin. However, this
is not typically accurate in experimental circumstances. Typically, as pores fill up further or you
have higher cross-linking or higher loading the analyte will move through the system more slowly.
It is expected that the diffusion coefficient will decrease by many orders of magnitude when in

resin compared to in a pure liquid.

2.3.1 Zero-Length Chromatography (ZLC)

Zero-length chromatography is an experimental method that is typically used to measure

adsorption equilibrium and kinetics.® One advantage of this method is that the mathematical
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modeling of the desorption curves of the ZLC system with liquid takes into account the time
constant for diffusion between the sorbent and washout time for the desorption of the sorbent. This
method retains the features of conventional fixed-bed chromatographic techniques and eliminates

any effects of axial dispersion.*®

2.3.2 ZLC Mathematical Model

The following mathematical model can be used to analyze ZLC experimental data:®

Fluid-Phase Mass Balance Vs d—z + Vg % +F =0 (7)
Solid-Phase Mass Balan 99 _p(2a, 29 8
olid-Phase Mass Balance i 2T 7o, (8)
Initial Condition q(r,0) = qoKcy c(0) = ¢, 9)
.. dq
Boundary Conditions (5) =0 q(Rt)=Kc(t) (10)
r=0

One characteristic that makes the ZLC particularly useful is that the mass balance can be
reduced to that of a perfectly mixed cell since the limit of the length of the column goes to zero.
Equation 7 describes the mass balance for the fluid phase. In Equation 7, g is the average adsorbed
phase concentration, c is the fluid phase concentration, F, is the volumetric flow rate, Vs is the
volume of solid in the column, and V is the volume of the fluid in the column. Taking an integral
of this equation will allow you to calculate the concentration of the adsorbed phase at any time.®
Equation 8 describes the mass balance in the solid phase. This is Fick’s second law of diffusion,
where q is the adsorbed phase concentration, r is the components radial coordinate and D is the
diffusivity. Equations 9 and 10 are the initial and boundary conditions for this system of equations,

where K is the equilibrium constant.® By experimentally saturating the solid phase with the analyte
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then instantly switching to pure solvent at t = 0, the desorption profile can be measured at the

effluent. This profile (c(t) v. time) can then be fit using Equations 7 to 10 to solve for D and K.
For this project, a ZLC column was attached to an HPLC stack to measure the diffusion of

a tracer amino acid through resin, and ultimately used to understand the diffusional limitations

present during SPPS.

2.4 Modeling Packed Bed Reactors

Packed-bed reactors are one of the most commonly used reactors due to their performance
effectiveness and low operating and capital costs. They also can support both liquid and gas flow
of reactants through the bed. With this both single-phase flow and two-phase flow are possible.
However, in terms of peptide synthesis, single-phase flow is utilized as the reactants are all liquid.
Also, in most packed-bed reactors, the packed bed is a catalyst that increases the reaction rate,
whereas in peptide synthesis the packed bed is the resin and is a support system for the peptide to
grow on. Despite these differences, both provide a porous system through which the reactants must
flow. In processes in which there is liquid present, these pores become filled with the liquid which
can lead to diffusional limitations in the bed due to low diffusivity in the liquid phase. This
diffusivity can be adjusted by changing the size of the resin particles. More explicitly, the specific
surface area of the bed, which is the ratio of the particle surface area to the particle volume, should
be as high as possible. One way to achieve this is by decreasing the size of the particle. However,
there is a limit to how small the resin particle can be based on the allowable pressure drop across
the bed.3 Typically, the resin particle size used for peptide synthesis is either 200-400 mesh, which
is 35-75 microns in diameter, or 100-200 mesh, which is 75-150 microns in diameter.?* It should

also be noted that particle shape influences the degree of bed porosity which also affects the

20



pressure drop. Therefore, the resin being used is a particularly important factor in the effectiveness
of peptide synthesis and should be properly analyzed to determine the best particle size.*

When working with packed bed reactors, there are many parameters that must be
considered for the most efficient system. This section will discuss two methods for modeling the

flow through packed-bed reactors and discuss how they can be used to design an ideal system.

2.4.1 Pressure Drop: Ergun Equation

Being able to model flow through porous media such as resin, has been a continued interest
in the field of engineering.3? For modeling and designing a packed-bed reactor, the pressure drop
across the bed and the packing void fraction (porosity) are important variables.>* However,
considering both parameters can be complex, to simplify the model, it can be assumed that the
porous bed is homogeneous. That is, the porosity does not vary much and there is a steady flow
through the bed. Utilizing these assumptions, the pressure drop across the packed bed can be
modeled using the Ergun equation as seen below.32

_150uL (1 —€)? N 1.75Lp (1 — €)

1%
2 3 S 3
D2 D, €

Vs |vs] (11)

This equation models flow through a packed bed in which AP is the pressure drop, L is the
bed length, p is the fluid viscosity, vs is the fluid velocity, Dy is the particle diameter, and ¢ is the
void space. This is useful to determine the pressure drop across the bed and indicates that the
pressure drop is a function of the length of the bed, the packing size, and the fluid density and
viscosity. Therefore, this equation can be utilized to understand how changing the parameters,

including the size of the resin beads will affect the pressure drop in the system.>2
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2.4.2 Residence Time Distribution

Another way to measure mixing in a packed-bed reactor is by looking at the residence time
distribution (RTD). RTDs are used constantly by chemical engineers to understand the mean
residence time. That is, the distribution of time that a component, solid or fluid, remains in a
system.?> Another important aspect of residence time distributions is dispersion. Dispersion is
based on two phenomena: diffusion and variation from ideal plug-flow behavior. In sum,
dispersion is a measure of the degree of axial mixing in a reactor. If particle flow through a reactor
follows ideal plug-flow and has no axial mixing, the dispersion coefficient is close to zero.
Therefore, as the dispersion coefficient increases, so does the degree of mixing.*® Finally, the RTD
can also help engineers understand potential nonuniformities in the flow path. There may be
channeling, where the particle tends to flow towards the wall, or the particle could get trapped in
dead volume within the reactor. Both of which can increase the mean residence time. Overall, it is
important to understand the flow profile of the target component to make a process more efficient.
The information collected from a residence time distribution can then be compared to the time of
the reaction or process as a whole, as characterizing the RTD is the first step to improving a process.
By understanding the time distribution, engineers can then determine the problems in the reactor
or system and then re-design and improve the process.?®

During peptide synthesis, the peptide is grown on resin, and typically in a packed-bed
reactor or column. Packed beds can make it difficult for the component of interest, in this case,
amino acids, to flow through the system. There may be some parts where the amino acid can flow
quickly thorough and other parts where it gets held up. This can be seen in Figure 7. This figure
shows what may occur inside a packed bed reactor. There may be parts like Path 1 where there is

little resistance to flow, and the particle or fluid can flow quickly through. On the other hand, there
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are paths like Path 2 where there is a lot of resistance to flow causing the molecule to spend a
longer time in the reactor. This is an example of an issue that can be investigated through

characterizing the RTD.!

i

’1 LIIX
Path 2

Figure 7. Flow Paths in a Packed Bed Reactor *

Residence time distribution can be determined experimentally using a tracer. This tracer
can be an atom, an inert chemical, or a molecule, and is injected into the system or reactor at time
t=0. Then the concentration of the tracer is measured in the exit stream as a function of time. When
choosing the tracer, it is important to look at its properties, as it must imitate the actual component
that will be flowing through the system. Consequently, for the tracer to be effective it must be a
non-reactive species whose physical properties match that of the mixture. It also needs to be
soluble in this mixture and a detectible molecule in order to measure the concentration. The most
common methods to inject the tracer and perform an RTD experiment are pulse input and step
input.t!

In a pulse input experiment, a pre-determined amount of tracer is quickly injected into the
feed all at once. The goal is to inject it in the shortest amount of time possible. Then the
concentration leaving the system is measured as a function of time. The concentration versus time

curves for this experiment are seen in Figure 8.1
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Pulse injection Pulse response

The C-curve

Figure 8. Concentration Versus Time Graphs for Pulse Injection !

The pulse injection curve should be a sharp peak, indicating the desired concentration of
tracer (No) was injected in a very short time as seen in Figure 8. The concentration-time curve of
the effluent, or outlet stream, is known as the C-curve. In an ideal scenario, there is no dispersion,
in which all the tracer comes out at once. However, in most scenarios, including that of a packed
bed reactor, the data is non-ideal. When there is dispersion, not all the tracer leaves the system at
once. This results in a C-curve, where there is a long tail on the right side of the graph. The goal
is to shorten this tail and have a sharp peak instead.!* From the C-curve the residence time

distribution function, E(t), can be obtained using Equation 12.

C(t)

O ioa

(12)

If done right, the pulse injection experiment is a much easier and straightforward method
of calculating the RTD. However, despite its simplicity, there are some drawbacks to this
experiment. For one, it is extremely difficult to inject the tracer in such a short amount of time.
Another issue is being able to fit the RTD function, E(t), to a polynomial if the system is non-ideal,
and has a long tail. When the C-curve has this shape, it can be difficult to integrate.*

The other common method to determine RTD is the step tracer experiment. Rather than

injecting the tracer all at once a specific concentration (Co) of tracer is added at a constant
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volumetric flow rate. This flow rate is kept constant until the concentration left in the effluent is
equal to that of the feed. Once this is achieved the experiment can be stopped. The concentration

versus time curves for the step injection and response is seen in Figure 9.1

Step injaction Step response

c ——I-c/——‘

0 0 t

Figure 9. Concentration Versus Time Curves for the Step Input Experiment !

From these curves, the RTD function E(t) can be determined using Equation 13 below.

Cout (1)
Co

d
E(t) = 5[ (13)

step

This RTD method has some advantages over pulse input. For one, it is generally easier to
run than the pulse input because the tracer does not need to be added all at once in a brief time
period. Also, unlike the pulse experiment, the total tracer concentration throughout the feed over
the time of the experiment does not need to be known. Although this may be true, the constant
volumetric flow rate can lead to problems. Sometimes keeping a constant feed tracer concentration
throughout the length of the test can be hard. Consequently, the constant inlet flowrate requires a
substantial amount of tracer which can get expensive depending on the tracer being used. Finally,
there is a large potential for error since the RTD function for this test requires the data to be
differentiated.!

For this project, residence time distributions will be analyzed to study the flow of amino
acids through the resin at different parameters. Currently, during peptide synthesis, the

concentration versus time curves for each coupling step look similar to the non-ideal reactor C-
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curve. That is, for each coupling step, the amino acid is added to the resin, the reaction occurs, and
then the excess products are washed out. However, when washout occurs not everything leaves at
the same time as some materials get stuck in the resin, leading to that long tail on the C-curve.
Therefore, by running RTDs at different parameters, including changing flow rate, dead volume,
or oscillations, the ideal parameters for fast coupling and washout can be determined.

It is also important to consider the difference between convoluted, empty-convoluted, and
deconvoluted data. As shown in Figure 10, convoluted data, or data obtained without bypassing
the reactor or the column, contains RTD data resulting from previous tubing and empty column. It
is integral to deconvolute data obtained for more in-depth analysis of the RTD curves.
Deconvolution can be done by subtracting the bypass data or the empty convoluted data from the
convoluted RTD. This required running RTDs not only at different parameters, but also with

different process schematics.

o = e —

Convoluted RTD

Qo0 - =
2 Bypass RTD

o = e

Empty Convoluted RTD

Figure 10. Illustration of the differences in RTD curves for Convoluted, Bypass, and Empty Convoluted Process
Schematic
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Chapter 3 Materials and Methods

The goal of this project was to understand what leads to slow coupling and washout times
to ultimately decrease them, making the process more efficient, and to decrease unnecessary waste.
To achieve this goal the following objectives were followed:

1. Measure the intrinsic diffusion of amino acids in fresh and peptide bound resins
2. Characterize mixing and propose changes to achieve near plug-flow operation
3. Minimize solvent waste and reduce coupling times
This chapter will discuss the experiments used to attain these objectives that in turn lead to

recommendations for the future.

3.1 Zero Length Chromatography Experiments

To begin, the intrinsic diffusion of glycine in fresh and peptide bound resins was measured
using a zero-length column connected to an HPLC stack. This section will discuss the setup of the

HPLC as well as the experimental plan that was followed.

3.1.1 HPLC Configuration

The HPLC system used was the Agilent 1100 series, as shown in Figure 11. On top of the

stack were bottles with samples of amino acid and DMF. From top to bottom, the HPLC stack
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contained a degasser, a binary pump, an
autosampler, a column compartment, and a diode

array detector. The degasser used was the Agilent

G1379A. This is a micro vacuum degasser with 4 S

channels that contain structured membranesanda @

vacuum pump. When turned on a partial vacuum
is generated, and the pressure is monitored by a
pressure sensor. The binary pump used was the
Agilent G1312A. This pump has dual pistons that
allow for effective mixing and ensures a stable,
pulse-free solvent flow. It should be noted that

pump A was clogged so an external Sonntek P

Figure 11. HPLC and ZLC Set Up

4.1S pump was used instead. Pump B was used for the DMF sample while the external pump was

used for the amino acid sample. Next is the G1313A autosampler and the G1316A column

compartment. The column compartment contains a 6-port switching valve. The valve is configured

with port 1 coming from the external pump, port 2 going to the zero-length chromatography

column which then goes to the UV detector and finally is sent to waste port 3 coming from pump

B, port 4 being recycled back to the DMF container, port 5 is blocked, and port 6 recycles back to

the amino acid container. For this, valve position 1 is defined as flow from port 1 to 2 whereas

position 2 flows from port 1 to 6. A schematic of this configuration can be seen below in Figure
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12. The G1315B diode array detector can be used at wavelengths of 190 to 950 nm to verify

separation quality.

B l
C C

Amino Acid DMF
‘[C):I:‘ Valve Positioning
Pump B (3)
ey 6
®

%

Position 1 Position 2

Waste

» UV|~

External Pump

Figure 12. Schematic of 6-Port Valve Configuration

3.1.2 Amino Acid Diffusivity in Resin

In order to determine the diffusivity of various amino acids in different resins, HPLC
system discussed in the previous section was used with a ZLC column as shown in Figure 13. The
ZLC column that was used consisted of a 1-micron screen, a stainless steel 1/4”x 1/16” internal
reduced fitting with 1 mm bore and a stainless steel 1/4”x1/16” column end fitting with 0.4 mm
bore and 4.6 mm cone without frit. The following experiment was repeated for Fmoc-Gly in fresh
PEG and peptide-bound PEG resin. A 0.2 M amino acid solution was made with DMF as the
solvent and was placed in a 500 mL glass media storage bottle which was connected to the external
pump. 400 mL of pure DMF was added to a second 500 mL glass media storage bottle and

connected to pump B. 5 mg of resin were weighed out and added to the column. Then, between 5
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and 10 drops of dimethylformamide (DMF) were added to swell the resin. Fresh resin, peptide-
bound PEG resin, an empty column, and a column with glass beads were run with flow rates of 1,
1.5and 2 mL/min. First, the 6-port valve was set in position 2 for 10 minutes so that just the solvent
(DMF) was flowing through the detector. At 10 minutes the valve was switched to position 1 to
allow both solvent and amino acid to flow through the column. At 40 minutes the washout period
was started by switching the valve back to position 1 allowing only solvent to flow through. The
washout period continued for 60 minutes until the system returned to baseline. The above is

repeated for a total of 9 trials with specific parameters listed in Table 1.

Table 1. ZLC Experimental Plan

Experiment Flow Rates (mL/min) Number of Runs Per Flow Rate Total Runs
Fresh PEG Resin 1,15,2 3 9
Peptide Bound PEG Resin 1,152 3 9
Empty 1,15,2 3 9
Glass Beads 1,15,2 1 3
Total Runs 27

The product of amino acid and DMF was then separated using a rotary evaporator to
conserve and recycle DMF. DMF has a boiling point of 153°C while the boiling points of Fmoc-

Gly is 438.8°C, making DMF easily separate by evaporation. 7 4°

Figure 13 ZLC Column
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The ZLC data was analyzed using MATLAB (as seen in Appendix A.1), assuming that the
resin beads are spherical. Time and Absorption values were recorded, and the absorption values

were fitted and standardized using logarithmic function and concentration terms:

In (ﬁ) —1In (CC_A) (14)

Co max — Cmin

Then, the In(C/Co) is plotted against time; the tail, or the release profile of the residence
time distribution curve for different flowrates under different schematics were compared and
analyzed. The diffusivity constants were calculated for the linear regions of the release profile
under different flowrates and within different resin or column set up to investigate the diffusivity
limitations on the ZLC column under different parameters. The graphs with the linear fits of each
release profile can be seen in Appendix B. It is assumed that the size of the fresh PEG resin, swelled,
was 500 to 800 um and the peptide-bound PEG resin in Table 2 swelled, had a bead size between
75 and 150 pm based on microscopy imaging. Additionally, the glass beads used were 600 to 710

pm in size.

3.1.3 Safety

N, N-Dimethylformamide (DMF)

N, N-Dimethylformamide (DMF) was used as a solvent throughout this experiment. DMF
is considered Hazardous by the 2012 OSHA Hazard Communication Standard (29 CFR
1910.1200). It is only recommended to use as a laboratory chemical, and not advised for use with
food, drug, pesticide, or biocidal products. DMF is flammable in liquid and vapor form, harmful
in contact with skin, and can cause serious eye irritation. It is harmful if inhaled, may cause
respiratory irritation, drowsiness or dizziness, nausea, and vomiting. DMF also causes

gastrointestinal discomfort.*®
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DMF is a colorless liquid that is soluble in water and stable under normal conditions. DMF
flashes at 58 °C and auto-ignites at 445 °C. The lower and upper explosion limits of DMF are 2.2
volume percent and 15.2 volume percent, respectively. The odor is rotten egg-like. DMF also has
a vapor pressure of 4.9 bar at 20°C. The container may explode when heated, and DMF vapors
may form explosive mixtures with air. VVapors can travel to the source of ignition and flashback.
DMF can decompose into carbon monoxide, carbon dioxide, and nitrogen oxides. Nevertheless,
there should be no hazardous reactions under normal processing.*®

In this experiment, all safety precautions were read and understood before handling DMF.
Special instructions were obtained before use, and personal protective equipment such as nitrile
gloves and goggles were used. If any DMF came into contact with gloves, gloves were
immediately changed, and hands were thoroughly washed. Other good industrial hygiene and
safety practices were also used to avoid exposure. Wearing contacts was avoided. DMF was only
used in well-ventilated areas and breathing dust, fumes, gas, mist, vapors, and spray were avoided.
While storing DMF, DMF was tightly closed, stored in a dry, cool, well-ventilated place, and kept
away from heat, spark, open flames, as well as hot surfaces. It is also important that DMF is
incompatible with strong oxidizing agents, halogens, halogenated compounds, and reducing agents.
No smoking was allowed in the lab. The container was grounded or bonded, and explosion-proof
electrical/ventilating/lighting equipment, as well as non-sparking tools, were used. Precautions
were also taken to avoid static discharge.*®
Fmoc Glycine

Fmoc glycine is a white powder that is a strong oxidizing agent not classified as a hazardous
substance or mixture according to the GHS and OSHA criteria. For personal protection, personnel

should wear protective equipment such as goggles and gloves. It is important to avoid dust
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formation and breathing in vapors, mist, or gas. Appropriate exhaust ventilation at places where
dust is formed should be provided. To protect the environment, do not let products enter drains.
For storage, keep the container tightly closed in a dry and well-ventilated place at a temperature

between 2 and 8 degrees Celsius.?

3.2 Residence Time Distribution Experiments

The flow and mixing properties of amino acids in the resin were characterized by analyzing
residence times. Mytide provided UV data of 13 peptides they have run in the past. From this data,
RTDs of the deprotection peaks for each amino acid in the peptide were run to understand the
current problems and trends during actual synthesis. Next, Mytide ran numerous experiments using
glycine as a tracer amino acid to understand the effect of changing parameters. This section will

outline how these experiments were run and the data extraction process.

3.2.1 RTD of Current Peptide Synthesis Method

First, 13 of Mytide’s previously synthesized peptides, each composed of different sequence
of amino acid residues, were studied using residence time distribution. Each reagent has multiple
sets of absorption data under different wavelengths, and the UV resulting in the least noise is
chosen for further analysis. Each UV vs. time curve consisted of multiple peaks. For each amino
acid, there exists a coupling peak and a deprotecting peak. The residence time distribution and
dispersion of both peaks for all 13 peptides were studied.

Python (as seen in Appendix A.2) is used to extract the peptide UV v. time data from
Mytide database. Mytide provided the initial codes for data extraction using NumPy and panda
library, and the code is edited to extract data for each ID by each wavelength using the panda

library. The data extracted are automatically stored as .csv files organized by their ID and then
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their wavelength in folders in a specified location. For the 13 peptides studied, the coupling and
deprotecting peaks were also separated into individual csv files, saved under each wavelength.
Following data extraction from Python, the UV vs time data that was collected was
separated into individual couples and deprotection peaks based on the times of valve switches
pulled from the Mytide database if necessary. These individual peaks were then analyzed using

the MATLAB code shown in Appendix A.3. First, the .csv files with the individual peaks are
imported into MATLAB. Then, the code gives outputs of 7 and % with T being the residence time
in seconds and % being the dispersion time. The code also outputs a graph as seen in Figure 14.

In the graph the blue line is the bypass data, the red line is the couple or deprotection peak, the

yellow is the reactor, and the purple is the deconvoluted data.
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Figure 14 Sample Residence Time Distribution curve obtained from MATLAB

After running the MATLAB code, the collected data was transferred to an Excel sheet. The
sheet kept track of peptide number, amino acid being coupled, couple number, residence time and

dispersion number. For each peptide, three graphs were made: residence time v. couple number,
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dispersion versus couple number, and dispersion versus residence time. This was then analyzed to
determine trends among growing peptide chains. Next, a sheet was made for each of the 20 amino
acids. These sheets would auto populate the data from the original sheet for their respective amino
acid. For example, the Alanine sheet would populate the couple number, residence time, and
dispersion number for any data point labeled “Ala” in the original sheet. The same three graphs

that were discussed before were made for the individual amino acids as well and then analyzed.

3.2.2 RTD Experiments

Residence time distributions were run to determine how long an amino acid remains in the
system under different conditions. This set of experiments were run at the Mytide facility and
involved injecting a tracer amino acid, glycine, into the reactor and measuring the absorbance
versus time of the tracer leaving the system. To understand how given parameters affect residence

time, the team had Mytide run the following experiments:

Table 2. Summary of Residence Time Distribution Experiments

Run Type Headspace? Oscillation? Conditions Total Experiments
N/A Non- N Y +N Gly diffusion suite 10
(bypass) convoluted  (no reactor) through bypass
. Empty Y Gly diffusion suite
Empty vial Convoluted (full) Y+N through empty reactor 10

v Gly diffusion suite at 0,
Resin 100 mg Convoluted Y +N 5, 10, 15, 20 amino 50

(partial) acids coupled to resin
Glass beads v Gly diffusion suite in
(headspace = 60 | Convoluted . Y +N reactor filled with glass 10
: (partial)
mg resin) beads
Glass beads v Gly diffusion suite in
(headspace = 100 | Convoluted . Y +N reactor filled with glass 10
. (partial)
mg resin) beads
Gly diffusion suite in
Gla(sfsu:);;ads Convoluted N Y+N reactor filled with glass 10

beads
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Each of the runs above were run at five different flowrates with and without oscillation, for
a total of 10 experiments for each run. It should be noted that the actual flowrates used my Mytide
cannot be disclosed. Therefore, throughout this report the flowrates will be standardized as the
flowrate/max flowrate. The following standardized flowrates were used: 0.083, 0.333, 0.583, 0.792,
and 1. For simplicity these flows will be denoted as flowrates A-E: A being the minimum flowrate
and E being the maximum. The runs with resin have a total of 50 experiments as the glycine tracer
was injected at the given flowrates and oscillations when 0, 5, 10, 15, and 20 amino acids were
coupled to the resin.

As seen in the Table 2, the team chose to analyze flow rate, headspace, oscillations, effect
of a peptide bound resin, and the use of glass beads. This was needed to understand how amino
acids flow through the reactor at a variety of parameters. First, flow rate was analyzed to determine
if the rate at which the amino acid enters the reactor affects the time it spends in it. The second
condition to test was headspace. During normal production, there is some headspace at the top of
the reactor. Therefore, it was important to also measure the residence time with and without
headspace. Third, during synthesis, there is usually some oscillation to keep the bed fluidized. To
understand how this affects the residence time runs both with and without oscillations were
measured. Finally, runs were completed with an increasing number of amino acids bound to the
resin to understand how a growing peptide chain affects the flow through the reactor. For each
experiment, absorbance versus time data was obtained and the residence time and dimensionless

dispersion number were obtained using MATLAB code as seen in Appendix A.3.
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Chapter 4 Results

4.1 ZL C Results

4.1.1 Amino Acids under Different Flow Rates

First, the normalized ZLC absorption v. time data was analyzed under different flow rates

for each column bed used. As shown in Figure 15, flowrate heavily affects the initial release profile

of amino acids, specifically the initial five minutes of release. In fresh resins and empty columns,

the higher the flow rate, the faster the initial amino acid release. In peptide bound resins, the initial

release profile is similar under all flowrates for the first minute of release, then demonstrated

phenomenon similar to that of fresh resin and empty columns one to five minutes after release.

The release profile of the glass bead column demonstrated a different behavior, with the 1 mL/min

giving fastest release for the first three minutes, and 1.5 mL/ min giving the slowest release.
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Figure 15. ZLC normalized absorption v. time release profile for (a) fresh resin, (b) empty, (c) peptide bound resin,

and (d) glass bead filled columns under different flowrates
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As illustrated in Figure 15, after the initial five minutes of release, flow rate had less impact
on the release profile. For each ZLC column bed schematic, the release profile under different flow
rates approached similar rate of release, suggesting the release profile is less affected by kinematics

after the initial wash out period.

4.1.2 Amino Acids under Different Bed Schematics

The release profiles under different ZLC column bed schematics were then analyzed under
different flow rates. All flowrates demonstrated similar behavior; Figure 16 below was selected as

a depiction of the behaviors observed. All of the release profiles can be seen in Appendix C.
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Figure 16. ZLC release profile for different bed schematics at 2 mL/min flow rate

As illustrated in Figure 16 above, fresh resin (500 to 850 um, swollen) required more time
to release the amino acid compared to peptide bound resin (75 to 150 pm, swollen). The initial
washout first two minutes after release demonstrated that empty column releases the amino acids

at the fastest rate, followed by peptide bound resin, fresh resin, and then glass bead-filled column.
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Two minutes after release, the release profile of class bead and empty columns slowly approaches
zero, while the fresh resin and peptide bound resin approaches similar rates of release. Generally,
the slope of the release profiles stabilized five minutes after release, suggesting that after 5 minutes,

the release profile for fresh resin and peptide bound resin are mostly diffusion limited.

4.1.2 Diffusivity under Different Flow Rates and Bed

From the release profiles, the diffusivities were calculated for all ZLC experiments. The

diffusivity under different flowrates and bed schematic area shown in Table 3 below.

Table 3. ZLC Diffusivity under different flowrates and column bed schematics

Column Bed Flow Rate (mL/min) Average Diffusivity (cm?/s)
1.0 485 x 1077
Fresh Resin 15 3.28 x 1077
2.0 437 x 1077
1.0 8.57 x 107°
Peptide Bound Resin- 15 1.25x 1078
2.0 3.83 x 107°
1.0 1.62 x 1077
Glass Bead 15 3.26 x 1077
2.0 291 x 1077

Theoretically, flow rate should not influence the diffusivity. However, the diffusivity
measured varies with flow rate. There is also no apparent trend in how the flowrate varies the
diffusivity comparing the diffusivity measured for all column bed schematics. On the other hand,
the diffusivity of the amino acid in fresh resin is larger than that of the peptide bound resin, which
is expected. The amino acids also have larger diffusivity in fresh resin than glass beads, and larger

diffusivity in glass beads than peptide bound resins.

39



4.2 Residence Time Distribution Results
4.2.1 Residence Time and Dispersion of Amino Acids in Peptide Synthesis

Mytide Therapeutics provided data for 13 sample peptides. The first two peptides were 26
amino acids long and the rest were 14 amino acids long. Table 4 below illustrates the sequence of

each peptide and the corresponding sequence. This data was then used to determine if residence

time and dispersion number changed as the peptide chain grew on the resin.

Table 4. Sample Peptides and corresponding amino acid sequence

Peptide No. Amino Acid Sequence Synthesis Difficulty
1 APLGAQLIPRHPCRELVDLTYTQRIS 0.99
2 NQILQITLASKGVGDAGVVVLKYZTM 0.92
3 QIFIFDKSYTALAK 0.87
4 AGAHFGGPGAPGPG 1.29
5 KTDNNELRIHRLQN 1.01
6 TDRSNTVPKTDNNE 1.06
7 FRMTSAALFALLLL 0.82
8 KTDNNELRIHRLQN 1.01
9 KTDNNELRIHRLQN 1.01
10 NFALGCEEFKTFNV 0.91
11 PAHAPQGQALAPRS 1.06
12 FDKSYTALAKNFLK 0.9
13 FRMTSAALFALLLL 0.82

RTDs were run using the UV data from the deprotection step for each amino acid in the
peptide. Figure 17 shows results comparing residence time to couple number. For simplicity, only
graphs from four of the sample peptides are shown here as the rest also followed similar trends.
The rest of the graphs can be seen in Appendix D. It was expected that as the peptide chain grew,
the residence time would increase. This trend was seen in peptide 1, as well as peptides 7 and 13.
However, for the most part the residence times followed trends similar to those of peptide 5 and

10 where they remained somewhat stable at around 36 seconds, regardless of couple number.
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Finally, one peptide, peptide 11, had a decreasing residence time with increasing couple number.

In general, most residence times were found to be between 36 to 40 seconds with some outliers 50

seconds and higher. It should be noted that these residence times were determined without

deconvoluting the data with a bypass. This is strictly using raw peptide synthesis data which may

be why the values are so high.
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Figure 17. Residence Times Versus Amino Acid Couple Number for Four Sample Peptides

Along with residence time, dispersion number was also analyzed. Figure 18 below shows

graphs of dispersion number versus couple number from the same peptides analyzed above. The

graphs for the rest of the peptides can be seen in Appendix E. It appeared that the dispersion graphs

followed similar trends to their respective residence time graphs. As seen below, peptide 1 had

increasing dispersion with couple number, peptides 5 and 10 were somewhat stable, and peptide
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11 had a decreasing trend. It was found that the dispersion numbers for these peptides were less

consistent with values than the residence time values ranging anywhere from 0.0001 to 0.026.
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Figure 18. Dispersion Number Versus Couple Number for Four Sample Peptides

It can be seen in the previous two graphs that the residence time and dispersion number
follow similar trends for their respective peptides. Therefore, graphs of dispersion versus residence
time were also created to understand how these two parameters are related. This was proven to be
true as seen in Figure 19. It was found that as residence time increases so does the dispersion
number. However, as seen in the previous graphs some of the dispersion numbers are much higher
than the rest. So, there is not a direct correlation between dispersion number and residence time
and therefore there must be other factors contributing to dispersion number. Here dispersion is

represented by the Bodenstein number in which Bo = 0 represents the ideal state of a continuous-
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stirred reactor and Bo = o represents continuous flow with no back mixing. The dispersion
numbers shown here indicate that there is limited back mixing and the reactor is operating very

close to an ideal CSTR.%®
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Figure 19. Dispersion Number Versus Residence Time for Four Sample Peptides

4.2.2 Residence Time and Dispersion in RTD Experiments

4.2.2.1 Effect of Flowrate

First, the effect of flowrate was analyzed as seen in Appendix F.1. It was found that as flow
rate increased the residence time decreased. For all flowrates except the minimum (flow A), the
residence times ranged from 0.07 to 10 seconds. For the flowrate A the residence times ranged
from 6.4 to 31 seconds for resin and glass bead runs, which were significantly higher than the rest
of the values. This indicated that this flow was far too slow of a flowrate to be used. Therefore, the
minimum value was determined to be an unreasonable flowrate and was excluded from the

remaining graphs in this section. This allowed for trends among reasonable flowrates (flows B-E)
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to be examined and made it easier to see the trends within the graphs. However, graphs including
the minimum flow rate can be seen in Appendix F for reference.

This trend with flowrate is also very clear in the residence time graphs extracted from
MATLAB. For example, as seen in Figure 20, as flowrate increased the graph became sharper and
the tail shortened. Ideal residence time distributions are sharp curves like that for flow A. This

further shows that higher residence times are more favorable for synthesis.

0.1 T T . .
Flow/Max Flow
——0.083
0.08 r ———0.333 | ]
0.583
—-0.792
0.06 r 1 .
o
0.04 r -
0.02 r / J
0 i S 1 1
0 100 200 300 400 500

time, [s]

Figure 20. Residence time distributions of the five flowrates used

Furthermore, it can be noted that the runs with resin in the reactor had higher residence
times than runs with the glass beads, and the empty reactor had the lowest residence times. This
can be seen in Figure 21 as the “X” denotes the average value and the whiskers show distribution
of residence times for these experiments. It should be noted that the resin had three outliers
between 5 and 9 seconds that aren’t pictured here. Dispersion was also investigated with respect
to flowrate. A graph of dispersion versus residence time for resin filled, glass bead filled, and

empty reactors can be seen in Appendix F. Unlike residence time there was not a trend for
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dispersion versus residence time. However, like the residence times, the dispersion was found to
be generally higher for the resin filled reactor and the empty reactor than the glass bead filled

reactor.
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Figure 21. Box and whisker plot showing average residence times and distribution of residence times for empty,
glass bead, and resin filled column

4.2.2.2 Effect of Oscillation

Next, the effect of oscillation was investigated. Figure 22 shows the average residence
times of the runs with 60 mg of glass beads, 100 mg of glass beads, and full glass beads. A graph
containing the residence times at each flowrate for each fill can be seen in Appendix F.2. First, the
60 mg runs with oscillations were found to have the lowest residence times. The 60 mg runs
without oscillations also had very low residence times but one outlier at flow B increased the
average. As for the 100 mg runs, the average residence time was lower when oscillations were
present. On the other hand, the full glass bead runs with oscillations had a higher average residence
time. Considering all of this, the 60 mg and 100 mg glass beads with oscillation had the overall

lowest residence times and were found to be the ideal cases here.
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Figure 22. Average residence times for a glass bead filled reactor with and without oscillations

Oscillation was also explored with resin in the reactor. As seen in Appendix F.2, the runs
without oscillations had overall higher residence times at each flowrate. To confirm this, the
average residence time at each of these four flows was calculated as seen in Figure 23. It was found
that the average residence time without oscillations was about double that with oscillations for
every flow except the flow C. However, this higher average can be explained by the one outlier
seen in the graph in Appendix F.2 at this flowrate. This outlier is also accounted for by the large
error bars seen in the bottom graph for this set of data. If this point was excluded this average
would be lower and would likely follow the trend better. In general, oscillation was found to be

beneficial in helping the amino acid flow through the reactor.
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Figure 23. Average residence times for a resin filled reactor with and without oscillations

4.2.2.3 Effect of Headspace

Next, the effect of headspace was examined. The effect on residence time was previously
determined in section 4.2.2.2. That is, the 60 mg and 100 mg runs with oscillations were found to
be the lowest. Knowing that, this section will focus on the effect that headspace has on dispersion
as there was a clear difference. As seen in Figure 24, when there was no headspace, the dispersion
was significantly lower than when there was headspace. Also, as the headspace in the reactor
increased, this trend stayed true as the 60 mg glass bead runs had significantly higher dispersion
than the 100 mg runs. Moreover, of the full glass bead runs, the oscillated runs had lower dispersion
than the non-oscillated runs, once again highlighting the benefit of using oscillations. A graph

showing the effect of oscillations on dispersion for the glass bead runs can be seen in Appendix F.
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Figure 24. Dimensionless dispersion number with respect to headspace for a glass bead filled reactor

This trend can also be seen in the MATLAB residence time distribution graphs in Figure
25. The residence time distribution curve was calculated by subtracting the bypass from the reactor.
Dispersion directly correlates to the shape of the RTD graph. Lower dispersion is represented by
a sharper peak. As seen below, the full glass bead run has a nice sharp peak, then the 100 mg glass
bead run was a little broader with a longer tail, and the 60 mg glass bead run had the broadest curve

and the longest tail.
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Figure 25. Residence time distributions extracted from MATLAB for a full glass bead reactor, a 100 mg glass bead
reactor, and a 60 mg glass bead reactor

4.2.2.4 Effect of a Growing Peptide

Finally, the effect of a growing peptide was investigated. Experiments were run at each
flow rate when 0, 5, 10, 15, and 20 amino acids were coupled to the resin, with and without
oscillation. First a graph was made for no oscillation, which can be seen in Figure 26. Overall, the
residence time was found to be the highest when 15 amino acids were coupled to the resin. When
20 amino acids were coupled there was not a clear trend. For the flowrate A it had the highest
residence time, for flowrates B and C it was the third highest, for the flowrate D it was the second
highest, and for flowrate E it was the second lowest. The 10 coupled amino acids experiments
consistently had the third or second highest residence times. When 5 amino acids were coupled
the residence times were always the second lowest except for flowrates A-C and was the lowest
for flowrates D and E. Finally, when the resin was fresh with no amino acids, it had the lowest

residence times except for flow D when it was the second lowest and at flow E when it was the
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second highest. Despite a few outliers, overall, this data followed what was expected. That is, as

the peptide grows on the resin, the residence time increases.
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Figure 26. Effect of growing peptide on resin with no oscillation

The same effect was looked at with oscillation. A graph of residence time versus flowrate
for the oscillating runs can be seen in Appendix F.4. Looking at this graph, the use of oscillations
clearly has an effect on the data as this does not follow the same trends seen above. The 15 and 10
amino acid runs had the lowest residence times, the 5 amino acid runs were consistently in the
middle, and the 0 and 20 amino acid runs were the highest.

Continuing with this, the residence times were generally lower with oscillation, despite one
outlier (0 AA) at flow C on the oscillations graph. Also, oscillation appears to help lower residence
time as the peptide grows on the resin. This comparison can be further proven by looking at the
average residence times for peptide growth in Figure 27. Here, it can be seen, that despite the high

average for 0 AA with oscillations (due to outlier), the residence times are generally lower than
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when there are oscillations. Furthermore, without oscillations the average residence time increased

as the peptide grew while with oscillations the residence time decreased.
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Figure 27. Average residence times when there are 0, 5, 10, 15, and 20 amino acids coupled to the resin with
respect to oscillation

Another take away from this data was that the difference between residence times was
lower among the number of coupled amino acids when there were oscillations. This means that
not only where the residence times lower, but peptide growth didn’t have as much of an effect on
the residence time when oscillations were present. For example, Figure 28 is a box and whisker
plot showing the average residence times and distribution of residence times for a growing peptide
at flow D with and without oscillations. On this graph the average value is represented by an “X”
and the five stages of peptide growth (0, 5, 10, 15, and 20 amino acids) are represented by the
whiskers and the circles. The end of the whiskers are the lowest and highest residence times of the
five stages and the three circles within the box are the residence times of the other 3 stages. This
graph clearly shows that the distribution among the residence times is significantly smaller when
there are oscillations than without. Ultimately this shows that when oscillations are present the
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residence time is both lower and is not affected by peptide growth as much as when there aren’t

oscillations.
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Figure 28. Box and whisker plot showing average residence times and distribution of residence times for a growing
peptide at flow D with respect ot oscillation
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Chapter 5 Discussion

5.1ZLC

From the release profiles of amino acid in different column beds under different flowrates,
the effect of flowrate and diffusion on the time it takes to wash out all amino acids was observed.
First, as shown Figure 15, increasing the flowrate does reduce the time required to release amino
acid initially. This phenomenon could be explained by of the volume the resin occupies. For
instance, fresh resin occupies more volume than the peptide-bound resin because of its bead size;
the peptide bound resin is more compact than the fresh resin. This reduces the time it takes for the
solution to travel across the resin in the column. However, this phenomenon observed was not
applicable to the glass bead column bed. One potential explanation is that the column bed was
filled according to the mass; all the column beds have the same mass before swelling. While the
resins were able to swell and occupy volume, the glass beads have fixed volume that may leave
cross sections of the column unoccupied, with glass beads moving due to motion. Then, the column
bed does not have the same structure throughout the length for the experiment. Additionally, only
1 run under each flowrate were performed for the ZLC experiments ran with glass bead filled
column due to time limitations. Having more runs may eliminate potential statistical errors.

Another trend that was observed from the ZLC experiments was how the release profiles
were heavily impacted by diffusional limitations approximately 5 minutes after release. As
illustrated by Figure 16, the rate of amino acid release after 5 minutes gradually stabilized, with
the non-resin columns approaching a rate of zero and the resin columns approaching a similar,
steady rate of release. Diffusional limitations were further confirmed by the diffusivity in Table 3.
ZLC Diffusivity under different flowrates and column bed schematics where the fresh and peptide

bound resins have much smaller diffusivity constants compared to the glass bead column.
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Figure 29. Fresh v. peptide bound resin polymer network

Additionally, the amino acid had higher diffusivity in fresh resin compared to peptide-
bound resin. While reducing the volume by using a more compact resin reduces the time necessary
for the initial wash out, the structure of the polymer network reduces the diffusivity. As illustrated
in Figure 29, amino acids or wash passes through the resin bead more easily if the resin is less
clogged; if the resin is peptide bounded, the swollen bead network is more complex, slowing the

diffusion within the resin bead.

5.2 Residence Time

From the residence time and dispersion, some general trends were observed that
improved the system. First, the residence time decreased with increasing flow rate to a certain
point. At flow rate A, the residence time was significantly larger than at the other flow rates. As
can be seen in Appendix F.1. The four other flow rates only continue to have a slight decrease in
residence time with increasing flow rate. This is likely due to the chromatographic effect of the
system. Here < or the residence time is equal to tiquid PIUS tsoi @nd Tiiquia 1S €qual to volume over

flow. Although increasing the flow decreases tiquis, N0 matter how much the flow is increased t
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can’t be decreased below tsiia. Due to the diffusional limitations of the amino acid through the
resin, even if the flow rate continues to increase the residence time would only decrease an
inconsequential amount since it is mainly controlled by the peptide itself after the flow rate is
raised to a certain point. Once the flow rate is brought up to that point, running the system at
anything above that will not significantly decrease the synthesis time and will rather just lead to
more waste due to an increase in the amount of solvent needed. Second, removing headspace
caused the RTDs to become sharper and have less of a tail as can be seen in Figure 25. This is due
to the decrease in dispersion within the reactor since the reactor has a higher volume of resin within
it. Third, the experiment runs with oscillations overall had lower residence time. For the runs with
an increasing number of amino acids coupled to the resin, the runs without oscillations had an
increase in residence time with an increasing number of amino acids but the runs with oscillations
did not. These lower residence times with oscillations are most likely due to this making the system
well-mixed and therefore it acts more like a continuous-stirred reactor (CSTR) than how typical

SPPS reactors act which is more like a packed-bed reactor (PBR).
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Chapter 6 Conclusions & Recommendations

Through residence time distribution and ZLC column experiments, we made the following
key findings. In order to optimize SPPS and reduce the time it takes to release amino acids or wash:

1. Increasing flow rate reduces residence time. But the top three flowrates (C-

E) had relatively the same low residence times. To minimize waste, flow C
should be used as it will use less solvent while still having low residence
times.

2. The headspace within the column should be reduced to decrease dispersion,

tailing and holdup in the column.

3. Oscillations reduce residence time by fluidizing the column bed effectively

promoting mixing similar to a CSTR.

4. High flow rate is helpful in reducing the initial washout time. However,

after the initial washout period, diffusion limitations reduce the impact of
flow rate on washout.

To continue the study on diffusional limitations in SPPS, we recommend establishing a
COMSOL Multiphysics Model on the SPPS reactor or column. The model can provide simulations
and estimate how diffusion limits the washout of amino acids or other solutions, which can be
utilized to optimize the SPPS process. Additionally, it’s recommended to continue residence time
distribution experiments. Specifically, experiments should be run with resin at different
headspaces to provide further understanding on how headspace impacts dispersion and flow
through the reactor during SPPS. Furthermore, we recommend supplementary experiments with
fresh, and peptide-bound resin of the same size. This will provide a more intricate understanding

of how flow rate and diffusion impact the release profile of amino acids and other solvents from
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the resin. Additionally, having resins of the same size can eliminate the effect of chain length and
aggregation on the release profile. Furthermore, experiments can be done with different amino
acids protected with Fmoc to explore the effect of size or chemical nature of diffusing species on
the release profile.

All of the findings listed above were new analyses provided to Mytide. By applying the
findings to their SPPS process, Mytide can reduce the amount of waste generated, thereby reducing
the cost of synthesis. Additionally, reducing the waste in production aligns with United Nation’s
Sustainable Development Goal 12 and Goal 13: Responsible Consumption and Production and
Climate Action, respectively.>® While reducing the waste and cost of SPPS, our findings also

supported global sustainable goals and made peptide therapeutics more accessible to the public.
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Appendices

Appendix A: Codes

Appendix A.1: MATLAB Code for ZLC analysis

MO0 =] & A W= L [

LI FU R FUTN LN % B T T % T T % N R T T % I T e e e e e e e e
L o I B e Y & B e T = T 4 By U T % T o LY S B I = LI RS P S

%% ZLC Analysis
close all

clear

clc

%% Procudure:

o e o de de df o

1) Run raw_plots_rawdata.m to make sure your data looks good. Also,
extrat tOmin (when wvalve switched to desorb mode) if vou don't know it
2) use the same code to determine your bounds where your data is linear
[e.g. 2-10 minutes, 30-60 minutes, etc.). This wvalue is highly dependent
3) use the same code to find Imin (the asmptotic limit on I wvs L)

on the loading and sensitivity of the detector

4) run this code with the proper inputs gathered from 1-2 above

%% Inputs

File = '"wang-2-290-2.csv';

tOmin = 40; % Just bkefore drop
thounds = [5 T7]; % min Linear region
Imin = -33;

Model = 1; % 1 = sphere LT

% File = '"mitrilechemmatrix-21-290.csv';

%% Cnesses

DEZ2 = le-1:; % D/R"Z [=] sec™-1
LO = 10; % dimesnionless, 1 - 1000 (kigger = better)

%% Parse Input Data

x0 = [LO logld(DR2)1:

%% Fit EZLC

X=Z2LC (tbounds, x0,t0min, File,Model, Imin) ;
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Appendix A.2. Python Code for data extraction

rt pandas as pd

data_handling_edited import collect_ids, load_peptide_metadata, load_synth_data, load_lcms_data

parse_synth_2 import parse_synth_data
~t requests

uuids = collect_ids( 'vwidl.csv')

print(uuids)

type(uuids)

# Generate re sin s

list = ["wv275", "uv280", "uv290", "uv3ee", "uviie",
“uv33e”, "uv34e", "uv35e", "uv455"]

a=0

for idx, uuid in enumerate(uuids):

# load data from the database
peptide_meta = load_peptide_metadata(uuid)
all_synth_data = load_synth_data(uuid)

_name = all_synth_datal[@l[ 'synth meta'l[ 'expt_name']
all_synth_data[@] [ 'synth data'l['data’]l['uv’]
time = all_synth_datal@]l [ ‘synth data'l['data’l[ 'time’]

# parse synthes data
parsed_synth_data parse_synth_data(uuid, all_synth_data)

a+=1

newpath = ‘vuid'+str(a)

if not os.path.exists(newpath):
os.mkdir(newpath)

initial_data = {}

for i in range(9):
df = pd.DataFrame(initial_data, columns = [ ‘time’,str(list[i])])
df [ 'time']l = time
result = uv.get(list[i])
df [list[i]]= result

df.to_csv( newpath+'/‘'+newpath+'—‘+str(list[i])+'.csv’, index=False,encoding="'utf-8")

for j in range(len(all_synth_datale] [ ‘synth data'l['peaks’])):
if result:

df = pd.DataFrame(initial_data, columns = [‘time’,str(list[i])+'—‘+str(j)])

left = all_synth_data([@]['synth data']l[ 'peaks']1[j][ 'couples’ or

right = all_synth_datal@][ 'synth data‘l [ 'peaks']1[j]['couples or
leftindex = time.index(left)
rightindex = time.index(right)
partofTime = time[leftindex:rightindex+1]
df[ 'time']l = [round{x-leftindex,3) for x in partofTime ]
df [str(list[i] )+ '-"+str(j)]1= result[leftindex: rightindex+1]
pathl = newpath+'/’+newpath+'-"+str(list[i])+'/"'
if not os.path.exists(pathl):
os.mkdir(path1)

df.to_csv( newpath+'/‘+newpath+'—'+str(list[i])+'/‘+str(j)+'.csv’', index=False,encoding='utf-8"')

print(uv)

‘deprotects'] [@] [ 't_left"
'‘deprotects'] [@]1[ 't_right']
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Appendix A.3. MATLAB Code for RTD analysis

disp(['D/ul = "'

%% Solve RTD for each File

% Reactor
data = readtakle (fn_reactor):
data=takleZarray(data)

t_reactor = data(:,l)-data(l,l); % [=]

c_reactor = data(:,2): %

% Bypass

data = readtable(fn_bypass);

data=takleZarray(data)
t_bypass =

c_bypass = data(:,2): %

[ark]

datai(:,1l)-data(l,1l);
[ark]

% =]

% Deconvolution and Dispersion Model Fit

[t,Ein,Ecut,E_reactor,E_convoluted,x] =

RT

D deconv(t_bypass,c bypass,...

t_reactor,c reactor, [npoints, tau guess, Dul_guess]):

% Model Cutputs
tau = x(1):
Dul = x(2):

plot(t,Ein, t,Eout,t,E_reactor,t,E convoluted)

xXlakel('time, [=]")
ylakbel ("E(L) ")

legend('Bypass', "Bypass + Reactor', "REeactor', 'Reactor-Convoluted')

%% Omtputs
disp(['tan = ', numZ2str(taua), '

, num2str (Dul)])
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10° Peptide Bound Resin, F=1ml/min, Run 3
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Appendix C: ZLC Release Profiles

Fresh Resin:
Fresh Resin, 1 ml/min
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Release Profiles, Fresh Resin, F=1ml/min
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Release Profiles, Fresh Resin, F=2ml/min
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Release Profiles, Fresh Resin, Run 2
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Release Profiles, Fresh Resin, F=1ml/min
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Release Profiles, Peptide Bound Resin, F=2ml/min
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Release Profiles, Peptide Bound Resin,

Run 2
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Release Profiles, Glass Beads

10°

——F=1ml/min
——F=1.5ml/min
— F=2ml/min

1073

time, [min]

Release Profiles, Empty, F=1ml/min

Run 1
Run 2
Run 3

Empty:
Empty, 1 ml/min
10°
10'1 -
g
(]
=
10'2 -
103

0

Empty, 1.5 ml/min

time, [min]



Release Prof

iles, Empty, F=2ml/min

109 . :
Run 1
Run 2
10+ Run 3| |
g 1072 | 3
(O]
=
103 ¢ 3
10 '
0 2 4 10
time, [min]
Empty, 2 ml/min
0 Release Profiles, Empty, F=1.5ml/min
10 T T T T
Run 1
Run 2
Run 3

theta, [ - ]

Empty, All Flowrates, Run 1

time, [min]

10

77



Release Profiles, Empty, Run 1
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Release Profiles, Empty, Run 3
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Release Profiles, F=1ml/min, Run 2
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Release Profiles, F=1.5ml/min, Run 1
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Release Profiles, F=1.5ml/min, Run 3

100 \ T T T
Fresh Resin (500-850 um)
Peptide Bound Resin (75-150 um)
——— Glass Beads (600-710 um)
Em
107 ¢ Py 3
]
[}
=
102 ¢ 3
10-3 1 1 1 1
0 2 4 6 8 10
time, [min]

All Fills, 2 ml/min, Run 1

Release Profiles, F=2ml/min, Run 1

10° ; ; ; ;
Fresh Resin (500-850 um)
Peptide Bound Resin (75-150 um)
—— Glass Beads (600-710 um)
Em
10t | oy 3
ol
©
=
102 | 3
10-3 1 1 1 1
0 2 4 6 8 10
time, [min]

All Fills, 2 ml/min, Run 2

82



All Fills, 2 ml/min, Run 3
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Appendix D: Residence Time Graphs for Peptide Deprotection Peaks
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Appendix E: Dimensionless Dispersion Graphs for Peptide Deprotection
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Appendix F: Residence Time Experiment Graphs

Appendix F.1: Flowrate Graph
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Appendix F.2: Oscillation Graphs
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Appendix F.3: Headspace Graphs

Effect of headspace on residence time with glass beads

20
(e}
18 | A
16 | ¢
© 14 |
KD
(O] B
E1° *
=
510 |
(&)
& 8 |
S
0 (e}
o .
4 |
s
21 . o
s 8
0 a_A_EI A | | | 1 1

0 2 4 6 8 10 12
1/(Flowrate/Max Flowrate)

0100 mg Glass Beads  ® Full Glass Beads 260 mg Glass Beads

Effect of headspace on dimensionless dispersion number with glass beads



27 x

24 |

18

Dispersion

(o2 (o}

7,
1 1 1 A

| SXe]

0 2 4 6 8 10 12
1/(Flowrate/Max Flowrate)

® Full Glass Beads 0100 mg Glass Beads A 60 mg Glass Beads

Appendix F.4: Growing Peptide Graphs

Effect of peptide bound resin on residence time with no oscillation:
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Effect of peptide bound resin on residence time with oscillation (Flow B-E):
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Effect of peptide bound resin on residence time with oscillation (Flow A-E):
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Effect of peptide bound resin on dimensionless dispersion number with no oscillation:
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Effect of peptide bound resin on dimensionless dispersion number with no oscillation (excluding

outlier):
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Effect of peptide bound resin on dimensionless dispersion number with oscillation:
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Effect of peptide bound resin on dimensionless dispersion number with oscillation (excluding
outliers):
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