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Abstract

Solid-phase oligonucleotide synthesis (SPOS) based on phosphoramidite chemistry is currently the most
widespread technique for DNA and RNA synthesis, but suffers from scalability limitations and high reagent
consumption. Liquid-phase oligonucleotide synthesis (LPOS) uses soluble polymer supports and has the
potential of being scalable. However, at present, LPOS requires 3 separate reaction steps and 4-5
precipitation steps per nucleotide addition. Moreover, long acid exposure times during the deprotection step
degrade sequences with high A-content (adenine) due to depurination and chain cleavage. In this work, we
present the first one-pot liquid-phase DNA synthesis technique, which allows the addition of one nucleotide
in a one-pot reaction of sequential coupling, oxidation and deprotection, followed by a single precipitation
step. Furthermore, we demonstrate how to suppress depurination during the addition of adenine nucleotides.
We showcase the potential of this technique to prepare high-purity 4-arm PEG-T>o (T = thymine) and 4-arm
PEG-A20 building blocks in multi-gram scale. Such complementary 4-arm PEG-DNA building blocks
reversibly self-assemble into supramolecular model network hydrogels, and facilitate the elucidation of bond
lifetimes. These model network hydrogels exhibit new levels of mechanical properties, high stability at room
temperature (melting at 44 °C), and thus open up pathways to next-generation, scalable DNA-materials

programmable through sequence recognition and available for macroscale applications.
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Introduction

DNA motifs present a powerful toolbox for mimicking the functional complexity of biological systems - such as
recognition, programmable structure formation, information processing, communication, and replication.!”’

4

Oligonucleotide sequences serve to program highly advanced structural features,®'* sensing and signaling

15-18 19-22 23-27

mechanisms, information processing, and autonomous out-of-equilibrium systems. The precise
implementation of such functionalities is pivotal to designing the next generation of adaptive and interactive materials
capable of autonomous and life-like behavior.”® Indeed, current materials with DNA connecting motifs show
increasingly advanced properties for applications as soft robotics,? therapeutic and cell culture hydrogels,’!-*

programmable fluorescent mechanosensing,* and materials responding to biological inputs.3¢

However, a lack of large-scale synthetic access to oligonucleotide building blocks currently prevents widespread
application of DNA materials. Despite significant advances in biotechnological production and replication

techniques,’’3#

the most widespread and versatile synthesis technique for DNA and RNA is solid-phase oligonucleotide
synthesis (SPOS) based on phosphoramidite chemistry.*-4° The 4-step nucleotide addition cycle — coupling, capping,
oxidation, deprotection/detritylation — is performed on automated synthesizers using insoluble supports. The
heterogeneous nature of this flow-chemistry method facilitates the fast and automated synthesis of sequences up to 200
nucleotides, but suffers from intrinsic scalability limitations and high reagent consumption. As an alternative strategy,
liquid-phase oligonucleotide synthesis (LPOS) uses homogeneous reaction mixtures with, in principle, unlimited
scalability, and requires significantly smaller reagent excesses.*'**? In LPOS, oligonucleotides are grown from a soluble

4348 extraction,®

support, which can be separated from the reaction mixture after each step by precipitation,
chromatography,* or nanofiltration.’! The most prominent of these - the high efficiency liquid-phase (HELP) method
- uses a polyethylene glycol (PEG) support, which is precipitated after each step. Although originally pioneered by
Bonora et al. with the intention of cleaving the PEG-DNA conjugate after synthesis,**** this technique has since been
applied to the synthesis of PEG-DNA for materials applications. Tanaka et al. prepared 4-arm PEG-DNA building
blocks with few nucleotides to form hydrogels via non-duplex interaction, such as G-quadruplex and C-based i-

motifs.’>> Critically, these gelation principles only require short DNA sequences, and the presently available short

length of a few nucleotides does indeed not allow for linking via DNA duplex hybridization in a suitable temperature

3
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regime. Thus, they do not provide access to exploiting the programmable molecular recognition known from DNA.
Indeed, the key limitation to accessing well-defined starPEG-DNA conjugates with long ssDNA sequences via liquid-
phase on-PEG oligonucleotide synthesis is the laborious multistep reaction/purification nature involving 4-5
precipitation workups to complete one single nucleotide addition cycle, even if the capping step is skipped.** >33
Furthermore, the acidic detritylation step to deprotect the 5°-OH before the next nucleotide coupling is slow, partially
reversible, and often not quantitative in the homogeneous liquid phase. This presents no problem in SPOS, where the
cleaved 4,4’-dimethoxytrityl (DMT) protecting group is washed out continuously to shift the equilibrium, but, in LPOS,
the extended acid exposure times cause significant backbone cleavage through depurination of adenine nucleotides

(A).*!-3* Hence, the synthesis of A-rich sequences presents another major bottleneck for LPOS.

Overcoming these limitations requires a drastic simplification of the liquid-phase on-PEG oligonucleotide synthesis
and to rethink the chemistry involved. If applied to star-PEG, this synthesis would be the key to accessing high quality
statPEG-DNA conjugate building blocks in large scale, that remain difficult to access using classical post-
functionalization of star polymers with ssDNA sequences. Whereas the attachment of small molecules to DNA can be

achieved using traditional post-conjugation techniques,>*-3¢

insufficient reactivity between end-functionalized DNA and
reactive star-PEGs (or other polymers) makes starPEG-DNA conjugates difficult to obtain in high purity, definition,
and large scale.’”** However, such well-defined star-DNA polymers would be interesting components for fundamental
sciences and applications. For instance, star polymers with defined end-group connectivity facilitate the construction of
model network materials, and are highly sought after for the topological design of network materials.®*% They enable
the bottom-up design of macroscopic network properties based on molecular connecting motifs, which is important to
fundamentally understand gelation, mechanical and topological behavior in networks, and enable precision hydrogel

design for applications.%*¢’

In this work, we present the first synthesis strategy for a One-Pot — Liquid-Phase Oligonucleotide Synthesis (OP-LPOS),
and use this method to prepare two different 4-arm PEG-DNA building blocks with 20 oligonucleotides per arm in 10-
20 gram scale (Scheme 1). We merge the three steps required for one nucleotide addition cycle — coupling, oxidation,
and detritylation — into a one-pot process with sequential reagent addition, requiring generally only a single precipitation

to recover the product in high purity after the complete addition of the nucleotide. We focus on thymine and adenine
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homo-repeats as those allow complementary interactions by duplex formation, and because adenine is the most
challenging nucleobase with respect to depurination and chain cleavage.** Indeed, our detailed investigation of
conditions, reagents, and substitution effects allows to suppress depurination and backbone cleavage for A-nucleotides
and allows the clean liquid-phase synthesis of 4-arm PEG-Aj. We then combine these complementary building blocks
(4-arm PEG-T» and 4-arm PEG-Ay) to study the hybridized T20-A2 duplexes as a mechanical connection in self-

standing model network hydrogels with excellent mechanical strength.

Results and discussion

One-pot oligonucleotide addition

The primary bottleneck in liquid-phase oligonucleotide synthesis (LOPS) is the incompatibility of the reagents in each
step, and the need for repeated precipitation and filtration after the coupling, oxidation, and detritylation steps, which
is labor-intensive and causes product losses. Especially the coupling and detritylation steps are cumbersome, as they
require repeated precipitations in diethyl ether to remove excess phosphoramidite reagent after coupling, and two
detritylation steps are needed to drive the partially reversible deprotection to completion. The capping step is often
omitted in LPOS due to the high coupling efficiencies achieved compared to heterogeneous SPOS, and in order to

simplify the procedure.’!-53 68

Merging all three steps - coupling, oxidation, deprotection/detritylation - into a one-pot process with a single
precipitation workup is the key to making large-scale PEG-DNA building block production feasible. The realization of

this one-pot procedure requires to solve the following steps:

(1) Realizing an oxidation of the phosphite triester (P') without inducing the formation of side products or defects,

immediately after coupling and without removal of the excess phosphoramidite reagent and tetrazole-based activator.

(2) Driving the partially reversible detritylation to completion in the presence of all reagents added during the coupling

and oxidation steps.
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(3) Isolation of the PEG-DNA conjugate in high yield and removing all reagents added during the entire one-pot process

in ideally a single precipitation step at the very end of one cycle.

a Solid-Phase Oligonucleotide Synthesis (SPOS) b
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Scheme 1. Concept for One-Pot Liquid-Phase Oligonucleotide Synthesis (OP-LPOS) onto 4-arm PEG. (a) The four steps of the
oligonucleotide synthesis cycle in SPOS. Note that capping is omitted in LPOS due to high coupling efficiency. (b) Overview of the reaction steps
for DNA synthesis by classical LPOS following literature procedure and our OP-LPOS discussed in this work. (¢) Schematic representation of
the addition of 20 T and A nucleotides per arm onto 4-arm starPEG by OP-LPOS, followed by the self-assembly of ideal DNA network materials.

We establish this entire procedure by comparing each step of our developed one-pot procedure to state-of-the art
conditions from two LPOS synthesis procedures in literature (Scheme 1b).** 5 We use commercially available narrowly
dispersed 4-arm PEG-OH (M, marpr = 41,170 g/mol, B = 1.04) as the starting material. Both solubility and precipitation
benefit from a high molecular weight PEG support, especially for longer oligonucleotide sequences (>10 bases). In the
coupling step, 4-arm PEG-OH is mixed with DMT-dT phosphoramidite and the activator 5-(ethylthio)-1H-tetrazole
(ETT) in anhydrous acetonitrile. The excess of phosphoramidite to OH-groups varies in literature, with a 3-fold excess
yielding 99-100% coupling efficiency.® Indeed, coupling 4-arm PEG-OH at 140 mg/mL in dry acetonitrile with 3
equivalents DMT-dT phosphoramidite and 12 equivalents (to OH groups) ETT activator yielded the 4-arm PEG-dT-
DMT phosphite triester (P'™) with 100% coupling efficiency (determined by comparing the PEG signal to the T-methyl

3H in '"H-NMR, Figure S1-3). The coupling step is identical to literature procedures in our work, except for the lack of

workup by precipitation into diethyl ether after the coupling step.
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Our key improvement over the established methods to directly continue in a one-pot process after the coupling is the
replacement of the commonly used oxidation agent, tert-butyl hydroperoxide (TBHP), which is reported in literature to
oxidize the isolated coupling product followed by another precipitation step (Figure 1a-c, Figure S4). Indeed, we first
attempted to proceed with classical TBHP in a one-pot coupling and oxidation by adding the TBHP directly to the
reaction mixture after the coupling step, without removing excess phosphoramidite or ETT. The use of a common 50-
fold excess of TBHP (to the phosphoramidite) however led to the formation of a side product (Figure 1d-f top). A
different procedure which uses a 10-fold excess of aqueous TBHP yielded similar results (Figure S5-6). An additional
peak at 1.4-1.5 ppm in 'H-NMR, and at -6 ppm in *'P-NMR indicates the partial, unwanted substitution of the phosphite
triester by TBHP or #~-BuOH (which forms as a side product of oxidation with TBHP). Note that a control experiment,
mixing of PEG-dT-DMT (P™) with ~-BuOH directly after coupling, did not result in this side product, indicating that
its observation arises from a combination of the reactive TBHP with the reagents left over from the coupling step
(Figure S7). In contrast, an oxidation of the phosphite triester in a one-pot fashion using m-chloroperoxybenzoic acid
(mCPBA) resulted in a high-quality product without side reactions (Figure le-f bottom, Figure S8-9). Compared to
TBHP, mCPBA has the important advantage that it reacts to m-chlorobenzoic acid upon oxidation, which is significantly

less nucleophilic than ~-BuOH.
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Figure 1. Comparison of the liquid-phase on-PEG oligonucleotide synthesis following current literature procedures (left) compared to
our one-pot nucleotide addition process (right). (a) In literature, coupling and oxidation proceed with at least one precipitation after each step.
(b) '"H-NMR (CD3CN) for 4-arm PEG-dT-DMT (PV) isolated following literature procedure. (¢) 3'P-NMR (CD3CN) for 4-arm PEG-dT-DMT
before and after oxidation, showing the phosphite triester (P'"") at 139 ppm and the phosphate triester (PV) at -3 ppm. (d) One-pot coupling and
oxidation by sequential addition of reagents without intermediate purification. (¢) '"H-NMR (CD3CN) and (f) corresponding 3'P-NMR for the one-
pot oxidation of 4-arm PEG-dT-DMT (P by addition of the oxidizing agent directly to the reaction mixture after coupling. Top: TBHP 50 eq.
at 0 °C, bottom: mCPBA 2.5 eq. at room temperature to phosphoramidite. A side product forms for TBHP (red arrows in 'H- and 3'P-NMR), but
not for mCPBA. (g) Literature detritylation procedure requires repeated precipitation and reactions as detritylation is partially reversible. (h) 'H-
NMR (CDsCN) for the removal of the DMT protecting group of 4-arm PEG-dT-DMT (PY) in TCA/DCM following literature procedure. Top:
before detritylation, bottom: after one detritylation step. (i) Reaction kinetics for the DMT-removal following literature conditions, resulting in an
equilibrium of ca. 4% DMT-on during the first deprotection. (j) Our one-pot detritylation directly after oxidation is pushed to completion by the
co-addition of a DM T-cation scavenger (TES). (k) '"H-NMR (CD3CN) before and after one-pot detritylation with TCA and TES in DCM directly
after oxidation with mCPBA without intermediate purification, and (I) reaction kinetics plot showing complete detritylation in a single step. (m)
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Removal of residual phosphoramidite reagent takes place after coupling in the literature procedure by repeated precipitation in diethyl ether. (n)
3IP-NMR (CD3CN) of 4-arm PEG-dT-DMT (P™) precipitated in diethyl ether once after coupling, showing residual H-phosphonate. (0) Removal
of reagents in our one-pot procedure by a single precipitation into cold 2-propanol. (p) *'P-NMR (CD3CN) of PEG-dT-OH (PV) precipitated into
cold 2-propanol after a complete one-pot nucleotide addition cycle, showing only a single peak corresponding to the phosphate triester without
any impurities. * Indicates the core of the 4-arm starPEG.

The last reaction step is the removal of the DMT protecting group (detritylation). This is a challenge, because it is an
equilibrium reaction, commonly leading to incomplete detritylation in LPOS (Figure 1g). We first discuss the DMT
deprotection of 4-arm PEG-dT-DMT (PV) following literature conditions: the DMT-protected starting material (PEG-
dT-DMT (PY) previously isolated after oxidation by precipitation into diethyl ether) was dissolved (50 mg/mL) in
dichloromethane (DCM) containing 30 mg/mL trichloroacetic acid (TCA) for deprotection. Indeed, after reaction and
precipitation into diethyl ether, the 'H-NMR shows incomplete deprotection with an equilibrium amount of 4%
remaining DMT (Figure 1h-i). This partially deprotected product required re-dissolution in TCA/DCM solution and

another precipitation into diethyl ether to achieve complete deprotection.

Achieving complete DMT removal in a one-pot process after coupling and oxidation and with full conversion requires
to scavenge the released DMT-cation — orthogonal to all other reagents added and accumulated from the reactions
before — to shift the equilibrium in situ. To achieve this, we added triethyl silane (TES) to the TCA/DCM reaction
mixture after the oxidation step (which was conducted in a one-pot fashion after coupling). TES is a known DMT-
cation scavenger’® and shifts the equilibrium of the DMT deprotection to completion (Figure 1j). Indeed, adding 25
equivalents TCA (as a 600 mg/mL solution in DCM) and 15 equivalents TES (to DMT) after one-pot coupling and
oxidation yields fully DMT-deprotected 4-arm PEG-dT-OH (PV) in a single pot process orthogonal to all reagents
previously added (Figure 1k-1). The scavenging of the DMT-cation — which has an intense orange color — results in a
gradual discoloration of the reaction mixture, giving visual feedback for complete detritylation. In fact, 'H-NMR
analysis of samples collected in time intervals (Figure 11) confirms the complete removal of the DMT group (5 min)
before the orange color fully disappeared (9 min). The 4-arm PEG-T product synthesized by our OP-LPOS is fully
identical to that synthesized following previous multistep procedures (Figure S9). Hence, there is no compromise on

purity and quality.
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As a final step, an efficient isolation protocol for the PEG-DNA is needed to remove all reagents by precipitation. This
is another crucial improvement reported herein. In literature procedures, reagents are removed by precipitation into
diethyl ether after each step. Aside from the double precipitation required to complete the detritylation step, the removal
of the excess phosphoramidite and ETT after the coupling step by precipitation into diethyl ether is inefficient, leaving
significant amounts of DMT-dT H-phosphonate (which forms upon hydrolysis of activated phosphoramidite) in the
precipitate (Figure 1m-n). In fact, a full removal of all reagents from 4-arm PEG-dT-DMT (P™) requires typically two
additional re-precipitations from a solution in DCM (100 mg/mL polymer) into diethyl ether (Figure S10). After a
screening of suitable solvents, we identified that the final reaction mixture, after the one-pot coupling, oxidation, and
detritylation, can be completely purified by precipitation into 2-propanol at -30 °C followed by washing with room

temperature 2-propanol.

As a summary, the procedure optimized along these lines allows to obtain 4-arm PEG-dT-OH with excellent coupling
efficiency (99%), highest purity, and high recovery yields (98.8%) (Figure 1o-p, '"H-NMR in Figure S8). The procedure
greatly reduces the time and solvent amounts needed to complete a nucleotide addition, and opens pathways for the
synthesis of 4-arm PEG-DNA building blocks with long sequences for duplex hybridization in reasonable timescales —

as we will show next.

Multi-gram synthesis of 4-arm PEG-T»

After establishing the OP-LPOS technique for the addition of a first T-nucleotide onto the 4-arm PEG-OH, we used this
technique to prepare high-quality building blocks for programmable DNA materials with a target 20-nucleotide
sequence. The target product is a 4-arm PEG-T»o, using only T nucleotides to (1) facilitate characterization throughout
the synthesis by "H-NMR spectroscopy and (2) to construct DNA materials with the complementary 4-arm PEG-A
synthesized below. A focus on complementary 4-arm PEG-Aj will also allow us to demonstrate how to overcome
depurination. Additionally, with an outlook on applications as hydrogels in mind, homo-repeats also make potential

defects in one arm less critical for efficient hybridization compared to full sequence control.

To synthesize 4-arm PEG-To, we conducted the OP-LPOS onto 4-arm PEG-OH (M, marpr = 41,170 g/mol, P = 1.04)
20 times (Figure 2a). Each coupling step was performed with a 3-fold excess of phosphoramidite and 12-fold excess

of ETT to OH-groups for 60 minutes, added as 100 mM and 250 mM solutions in anhydrous acetonitrile respectively.
10
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Following this, 2.5 equivalents (to phosphoramidite) of mCPBA were added as a powder, followed by stirring for 10
minutes. The 5’-DMT group was subsequently removed by adding 25 equivalents TCA (added as 600 mg/mL solution
in DCM) and 15 equivalents TES to DMT groups. Discoloration again indicated complete detritylation in 10-15 minutes.
One reaction cycle typically completes in 90 min. After the detritylation step, the reaction mixture was precipitated into
-30 °C 2-propanol, filtered, and the product washed with room temperature 2-propanol followed by diethyl ether.
Whereas literature procedures report several co-evaporations with anhydrous acetonitrile to dry the material, we found

that drying the product overnight on high vacuum (0.001 mbar) is sufficient prior to the next OP-LPOS.

To monitor the T growth, NMR spectra in DMSO-ds were measured of intermediate samples after each step (Figure
S11), and the final 'H-NMR spectrum shows the product free of impurities (Figure 2¢, integration and 3'P-NMR in
Figure S12). *'P-NMR after each step readily verifies complete removal of the excess phosphoramidite reagent. The
successful coupling was determined by comparing the thymine-3H integral to that of the 4-arm PEG-core in "H-NMR,
and quantitative coupling is indicated in each step (Table S1). The amount of T compared to PEG is slightly higher
than expected in the later synthesis steps, of which the origin is further discussed below. The initial 18.9 g scale synthesis
yielded 9.0 g of 4-arm PEG-T (Figure 2b), and a total of 10.2 g of samples was collected throughout the synthesis

Table S2). The average recovery vyield per step throughout the synthesis is 97.4%.
( ) g y yield p p g yn

"H-NMR spectra of the phosphate-protected product obtained after precipitation do not paint a complete picture as
traces of unremoved phosphoramidite (after workup as the respective H-phosphonate) could in principal grow during
each step into oligo-T chains not bound to PEG. To this end, we also performed an HPLC analysis of phosphate-
deprotected samples (Figure 2d). HPLC reveals the desired PEG-DNA product with a clear shift of the growing PEG-
Tn conjugate to earlier elution times due to increased hydrophilicity. Only a small amount of free oligo-T impurities is
present, and the PEG-DNA purity can be quantified to 96% by mass after 20 steps (Table S3). Comparing the ratio of
PEG-T, over T, oligos found by HPLC analysis to the ratio of T-to-PEG from 'H-NMR integration gives further insights
into the effective number of T nucleotides on the 4-arm PEG after each step (Table S4). This reveals a slight decrease
in the coupling efficiency at later repetitions in the synthesis, which likely originates from reduced solubility and
increased dilution for steps above 15 nucleotides. In order to remove oligo-T impurities and verify the actual number

of T-nucleotides attached per arm, 4-arm PEG-T o, -Ts, and T, were purified by preparative HPLC and characterized

11
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by '"H-NMR spectroscopy (Figure S13). This reveals a coupling of 9.7 T, 13.8 T, and 17.7 T per arm for T}, T;s, and
Tao respectively. Agarose gel electrophoresis (AGE) further confirms successful growth of the PEG-DNA conjugate as
evidenced by an increase of the band migration distance (Figure 2e). Although DNA samples generally migrate slower
in AGE with increasing size, in this case the charge-to-mass ratio of the PEG-DNA conjugate increases during the
synthesis, causing a faster band migration with increasing nucleotide count. This relative increase in migration distance
becomes smaller as the PEG-DNA conjugates grow in T length, because the charge-to-mass ratio increases more slowly.
SEC characterization similarly shows a narrow molecular weight distribution both with and without the cyanoethyl (CE)
protecting group on the phosphate (Figure S14). The CE-group can be removed from the phosphate in concentrated
ammonia/methylamine solution (AMA) for 30 minutes at room temperature after completion of the synthesis to the

desired T, length (Figure S15).
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Figure 2. Synthesis of 4-arm PEG-T2o from 4-arm PEG-OH by OP-LPOS repeated 20 times. (a) General scheme. (b) Photograph of the 4-
arm PEG-T20 product (phosphate protected). (¢) "H-NMR (DMSO-ds) of the product still bearing the CE protection group at the phosphate. (d)
HPLC chromatogram of samples collected throughout the synthesis (phosphate was deprotected 30 minutes in AMA solution and diluted with

12
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phosphate buffer). An inset shows the increasing hydrophilicity by shift of the elution time as the DNA content increases. (e) Agarose gel
electrophoresis (AGE) of the phosphate-deprotected samples collected throughout the synthesis showing a faster band migration due to the
increasing charge-to-mass ratio of the PEG-DNA conjugate (1.5 wt% agarose in tris-acetate EDTA buffer, 80 V constant, 60 min using in-cast
staining with Roti-GelStain).

The main bottleneck throughout the synthesis is the increasingly poor solubility of the growing 4-arm PEG-DNA
conjugate in acetonitrile and DCM, despite the high molecular weight of the PEG support. This leads to slower
dissolution and higher viscosity at the beginning of the coupling step, as well as difficulties with precipitation and
drying due to the fiber-like properties of the precipitate after 7-8 nucleotides are attached. To mitigate these problems,
we recommend adding additional anhydrous acetonitrile during the coupling step, and additional DCM prior to
precipitation (increasing the volume of 2-propanol proportionally) as the oligonucleotide sequence grows. The
temperature of the 2-propanol for precipitation was increased from initially -30 °C after the first nucleotide to room
temperature after 9 nucleotides. From 11 nucleotides onwards, an additional re-precipitation from acetonitrile/DMSO
(95/5 vol/vol) into diethyl ether was performed to facilitate efficient drying, as the product precipitated as dense fiber

aggregates in 2-propanol which would be difficult to dry efficiently under vacuum in a single night.
Suppression of the depurination in A synthesis

Constructing DNA materials with a focus on model networks formed by two interacting 4-arm-PEG-DNA star polymers
requires the synthesis of complementary 4-arm PEG-Aj. In fact, sequences with significant amounts of adenine
nucleotides (in this case 80 per 4-arm PEG) are still a major bottleneck in LPOS, because long acid exposure times
required for the acid-catalyzed detritylation induce depurination (removal of the adenine or guanine nucleobase; both
are purine nucleobases).*! This in turn leads to chain scission upon workup (Figure 3a). Adenine is considered more
challenging compared to guanosine with respect to depurination,* which is why we focus on implementing the one-pot
procedure for the 4-arm PEG-A,, synthesis. Particularly the most common A-nucleotide phosphoramidite (which has a
benzoyl protecting group) is susceptible to depurination. This is of no concern in SPOS, as the continuous washing out
of cleaved DMT groups speeds up the partially reversible deprotection (Figure 3b) and minimizes acid exposure. In
order to solve this problem and facilitate the synthesis 4-arm PEG-A», we first discuss the optimization of our OP-

LPOS to prevent depurination for benzoyl-protected A.
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Understanding the nature of the problem is important: Indeed, not the speed of the depurination side reaction alone is
important, but primarily the relative reaction rates of detritylation (DMT-removal) vs. depurination (adenine loss) are.
To optimize the OP-LPOS and minimize depurination, we therefore determined both the detritylation and depurination
reaction rates for various conditions during the one-pot addition of benzoyl-protected A-phosphoramidite to 4-arm
PEG-OH. The degree of detritylation and depurination were monitored by collecting samples in time intervals and
measuring '"H-NMR to determine the remaining amounts of DMT (4H) and adenine (2H) at the PEG end group to the
PEG arm (Figure 3c-d, highlighted by colored arrows). Both reactions follow first-order kinetics with good accuracy
(Figure 3e). Therefore, we can define the “efficiency” of the detritylation step in our one-pot procedure as the ratio of
the time constants of the depurination (t4p) over the detritylation (tae) reaction, which are the inverse slopes of the
respective first order kinetic plots. A high efficiency value therefore means that the depurination reaction is slow relative
to the detritylation reaction. The actual rate of detritylation is of lesser concern, provided detritylation proceeds in a

comparably reasonable timeframe (2 min < T4t < 20 min).

We started the optimization of the detritylation step (conducted in a one-pot fashion following coupling and oxidation
of Bz-protected A, Figure S16) by probing the most influential parameters for the deprotection: (1) the type of acid and
(2) the reaction temperature. Both trichloroacetic acid (TCA) and dichloroacetic acid (DCA) are used in oligonucleotide
synthesis, with the former being stronger and achieving faster detritylation at lower concentrations. TCA was added in
30 eq. to DMT groups, and DCA in 60 eq. to DMT groups (both 600 mg/mL solutions in DCM; added directly after
coupling with 3 eq. phosphoramidite and 12 eq. ETT to OH-groups, and one-pot oxidation with 2.5 eq. mCPBA to
phosphoramidite). The DMT-cation scavenger TES was added as a 25-fold excess to DMT groups in all experiments.
Although the acid concentration influences the detritylation rate more than the TES concentration, a larger excess of

TES is desirable as this increases the detritylation rate somewhat without affecting depurination.

Detritylation experiments with both TCA and DCA show a strong increase in efficiency at 0 °C compared to room
temperature (Figure 3f, full kinetics in Figure S17). This corresponds to a preferred shift of better deprotection over
suppressed depurination. Although 30 eq. TCA is more efficient than 60 eq. DCA at room temperature, the efficiency
gain for DCA is higher during cooling, with the detritylation reaction being 5000 times faster than unwanted

depurination at 0 °C. Although the cooling slows down the detritylation reaction (as expected), the overall reaction time

14



stays within a reasonable range (T4 = 17 min) and the reaction mixture is colorless after 171 min. We then investigated
the effect of the molar excess of the preferred DCA to the coupled and oxidized DMT-protected nucleotide at 0 °C. An
increase of the excess of the acid increases the efficiency (Figure 3g, full kinetics in Figure S18). Hence, interestingly,
cooling aids the efficiency, and adding more acid also aids the efficiency at 0 °C. The reason for this is that the influence
of a higher acid concentration decreases T4 more than it increases taep. This adds a convenience aspect in running the
reactions, by requiring shorter detritylation times (time until reaction mixture is colorless: 295 min with 50 eq., 171 min
with 60 eq., and 109 min with 70 eq. DCA at 0 °C). Thus, the best reaction conditions are detritylation at 0 °C with a

large excess of DCA relative to DMT groups.
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Figure 3. Suppression of depurination side reactions for adenine nucleotides. (a) Reaction scheme showing the acid-induced
detritylation (DMT removal) and depurination reaction, which leads to loss of purine nucleobases (A and G) followed by chain
scission after workup. (b) Scheme showing how the heterogeneous nature of SPOS leads to faster detritylation and thus less
depurination than in OP-LPOS. (¢) 'H-NMR (CD;CN) of 4-arm PEG-A-OH after coupling and oxidation, showing the two peaks
that are integrated and compared to the PEG-arm for monitoring the degree of detritylation (orange, DMT-4H) and depurination
(blue, benzyl protecting group 2H). (d) Example of a single detritylation/depurination experiment kinetic plot showing the amount
of DMT and adenine remaining per PEG-arm vs. time. (e) Linearization of the detritylation and depurination reaction rates assuming
first-order kinetics, which gives the inverse of the time constant as the slope. The efficiency of the detritylation is defined as the
time constant of the depurination divided by that of the detritylation reaction. (f) Efficiency and detritylation time constant for TCA
(30 eq. to DMT) and DCA (60 eq. to DMT) at two different temperatures and (g) for various equivalents of DCA to DMT at 0 °C.
(h) Depurination vs. time for an A-nucleotide at three different positions (PEG-A, PEG-A-T, and PEG-T-A-T) with TCA 30 eq. to

DMT at 0 °C.
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Although depurination is 6100 times slower than detritylation under our best conditions (70 eq. DCA at 0 °C), this value
may still be problematic for the synthesis of 4-arm PEG-A», simply because innerlying A,-segments are repeatedly
exposed to acid, and depurination of these would induce chain scission leading to the loss of an entire oligonucleotide
arm. Fortunately, it was suggested that 5’-terminal A-nucleotides are significantly more susceptible to depurination
than A nucleotides incorporated in a growing chain (end group effect).’* ! To investigate this end group effect for our
procedure, we tested this using 30 eq. TCA at 0 °C for model end group structures, by adding a T unit after an A unit,
or by flanking A by one T before and after it. T was chosen to avoid overlapping signals in NMR analysis. We chose
the more aggressive TCA here rather than the more efficient DCA because the depurination timescales are easier to
observe. Indeed, whereas 4-arm PEG-A shows 20% depurination after 24 hours (reaction mixture is colorless in 22 min,
indicating all DMT scavenged), both 4-arm PEG-A-T and PEG-T-A-T show no measurable depurination at all over the
course of 24 hours after addition of TCA. (Figure 3h). This confirms that A-nucleotides inside a growing

oligonucleotide structure are indeed protected against depurination.

Taken together, our quantitative approach to understand the involved reactions now enables efficient detritylation that
(1) induces negligible depurination for the 5’-terminal A-nucleotide, and (2) shows no measurable depurination at all
for internal A-nucleotides. We will exploit this development in the next step for the synthesis of 4-arm PEG-A» which

is complementary to the synthesized 4-arm PEG-Thy.

Multi-gram synthesis of 4-arm PEG-A;

The synthesis of 4-arm PEG-A, proceeds in a similar fashion to the 4-arm PEG-T»o, but with the main difference being
the detritylation conditions. We started with the same 4-arm PEG-OH (M, marpr = 41,170 g/mol, B = 1.04) and repeated
the OP-LPOS with Bz-protected A-phosphoramidite 20 times (Figure 4a). We again used a 3-fold excess of
phosphoramidite and a 12-fold excess of ETT relative to OH-groups in the coupling step, followed by addition of 2.5
eq. mCPBA (to phosphoramidite) for oxidation, which takes 10 minutes. After cooling down to 0 °C, detritylation was
triggered by adding DCA (70 eq. to DMT groups) as a 600 mg/mL solution in DCM, and neat TES (25 eq. to DMT).
The reaction mixture becomes orange upon addition of the acid, and detritylation was over when the mixture almost
loses its orange color (generally around 100 minutes at 0 °C). The reaction mixture was precipitated into -30 °C 2-

propanol, filtered, and washed with 2-propanol. Due to the significantly larger size of the benzoyl-protected A-

17



LooNoO U

10
12

13

14

15

16

nucleotide, a second precipitation from DCM (in the last 5 steps from DMSO) into 2-propanol was required to

completely remove all impurities. Each product was washed with diethyl ether after filtration, and dried overnight on

high vacuum.
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Figure 4. Synthesis of 4-arm PEG-A2o from 4-arm PEG-OH by OP-LPOS repeated 20 times. (a) General scheme. (b) Photograph of the 4-
arm PEG-A2o product (with both Bz- and CE-protecting groups). (¢) '"H-NMR (DMSO-ds) of the product still bearing the CE protection group at
the phosphate and benzoyl protecting group on the adenine nucleobase. (d) HPLC chromatogram of samples collected throughout the synthesis
(deprotected 120 minutes in AMA solution and diluted with phosphate buffer). An inset shows the increasing hydrophilicity as the DNA content
increases. (€) Agarose gel electrophoresis (AGE) of the deprotected samples collected throughout the synthesis, depicting a faster band migration
because of the increasing charge-to-mass ratio (1.5 wt% agarose in tris-acetate EDTA buffer, 80V constant, 60 min using in-cast staining with
Roti-GelStain).

10.1 gram of 4-arm PEG-OH after 20 one-pot nucleotide addition steps yielded 3.9 gram of 4-arm PEG-A,y with the
Bz- and CE-groups on the adenine and phosphate respectively (Figure 4b), and an additional 4.1 gram of samples was

collected throughout the synthesis (Table S5). The average recovery yield per step throughout the synthesis is 95.2%.
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After each step, 'TH-NMR and *'P-NMR spectra in DMSO-d; verify successful coupling and purification (Figure S19).
Figure 4¢ shows the 'TH-NMR spectrum of the final product (adenine- and phosphate-protected) without impurities
(integrated spectrum and *'P-NMR in Figure S20). Integration of 'H-NMR spectra again shows the expected amounts
of adenine units relative to the 4-arm PEG-core in each step (Table S6). Similar to above, HPLC chromatograms of 4-
arm PEG-A0 (deprotected 2 hours in AMA solution, then diluted with phosphate buffer) depict a small amount of
oligo-A impurities appearing throughout the synthesis (Figure 4d). Similar to the synthesis of 4-arm PEG-T», the
amount of oligo-A impurities is small until 15 nucleotides and increases in the last steps. Nonetheless, HPLC
measurements show that the final 4-arm PEG-A,o makes up 94 wt%, while only 6 wt% oligo-A contaminants are present
(Table S7). A comparison of the molar purity of PEG-A, (relative to oligo-A impurities) from HPLC measurements
with the A-to-PEG ratio from '"H-NMR integration reveals a slight decrease in coupling efficiency towards the end of
synthesis similar to the 4-arm PEG-T»o synthesis (details Table S8). This again arises from decreased solubility and
increased dilution as the synthesis proceeds. We purified 4-arm PEG-A o, -A1s, and -Ax by preparative HPLC to isolate
the product free of any oligo-A impurities, and measured 'H-NMR to determine the actual number of A-nucleotides
attached per PEG-arm (Figure S21). Integration of the adenine protons in 'H-NMR relative to the PEG-arm gives an
actual coupling 0of 9.2 A, 13.1 A, and 17.2 A per arm for targeted 4-arm PEG-A 1o, -Ais, -Az. Importantly, the number
of A relative to PEG is similar to that observed in the 4-arm PEG-T»y preparation throughout the synthesis, which
indicates that indeed depurination is efficiently prevented. Gel electrophoresis of deprotected samples for 4-arm PEG-
Aso also confirms the excellent quality of the material (Figure 4e). Each step shows a steady increase in the band
migration distance, indicating efficient coupling and no disintegration of the product as the synthesis proceeds (which
would result in chain scission, especially for the innermost nucleotides). In the interest of a complete discussion, SEC
analysis did not lead to meaningful results for the Bz- and phosphate-protected 4-arm PEG-A due to interactions with

the SEC columns, and deprotected 4-arm PEG-A» is not soluble in the SEC solvent (DMAc with 0.5 % LiBr).

In summary, the analysis methods discussed describe a well-defined 4-arm PEG-A»o building block of good quality,
with only limited oligo-A impurities and no visible depurination or chain scission. We stress the importance of this
achievement, as depurination has until now been a major bottleneck in LPOS.*' The synthesis of 4-arm PEG-A, by our

OP-LPOS shows that this technique is not only a major step forward in synthesis times and accessible DNA length, but
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the new deprotection strategy expands the scope of accessible oligonucleotide sequences for LPOS in general to

sensitive adenine.

4-arm PEG-DNA model networks

With access to both 4-arm PEG-T» and 4-arm PEG-A» in good quality and large scale, we demonstrate the application
of such building blocks in supramolecular model network hydrogels crosslinked by DNA duplex hybridization of
complementary building blocks (Figure 5a). Supramolecular networks constructed from A-B functional 4-arm building
blocks offer unique insights into bond dynamics owing to the defined network topology.®> Hydrogels constructed from
complementary DNA sequences additionally allow melting and cooling of the network to ensure an ideal topology by

annealing of defects.

The duplex melting temperature of an A0/T20 sequence can be calculated using oligo analyzer tools to 58 °C at 150
mM Na" and 3.6 mM DNA (55 °C for A,7/T1s), hence sufficiently above room temperature. To ensure an ideal network
topology, we first determined the overlap concentration of the 4-arm PEG-OH by rheology, and found it to be at 3.7
wt% or 0.90 mM in water (Figure S22). The PEG-DNA hydrogel was thus constructed by mixing equal volumes of 4-
arm PEG-Ayy and —T»o both at 0.90 mM in phosphate buffer (150 mM Na*) at 60 °C , followed by slow cooling to room

temperature to anneal the structure.

The high stability of the long A-T duplex manifests itself as high shape-stability at room temperature. The hydrogel
(pieces of several cm?) can be molten and poured into various shapes without any visible flow at room temperature
(Figure Sb). Oscillatory rheological analysis gives more quantitative insights into the dynamics of the A-T duplex
crosslinks in the hydrogel. Temperature sweeps in the rheometer at = 1 Hz show a crossover of the storage modulus
G’ and loss modulus G’ at 44 °C (Figure 5¢), which corresponds to the gel-to-sol transition. This compares reasonably
well to the calculated 71 of 55 °C of an individual duplex as the gel-to-sol transition does not require the melting of all
duplexes. This clearly shows the success in constructing macroscale model network DNA-crosslinked materials from
sufficiently long oligonucleotide sequences. Due to the model network topology, the dynamics of the A-T duplex can
be further elucidated by a rheological frequency sweep, which reveals the visco-elastic behavior of the material over
different timescales. Indeed, a frequency sweep at 25 °C shows the high stability of the duplex up to very long timescales
(Figure 5d). The crossover of the storage and loss moduli at 0.00125 Hz, which correlates to a relaxation time of 800
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s or 13.3 min., is indicative of the bond exchange timescale. This relaxation time scale corresponds to significantly
enhanced stability than for comparable multi-arm DNA hydrogel systems, which generally show relaxation times in the
range of 0.1 to 10 seconds.?® 7>7* This may be the the result of the PEG-DNA network nature, which provides more
flexibility compared to the stiff all-DNA networks. From a material perspective, it is important to emphasize that these
gels have storage moduli G’ > 1000 Pa and form self-standing, shape-persistent gels with sizes of several cm? (Figure
5b), while most other DNA gels known to date have very limited shape stability under their own weight and feature G’
values in the range of a few Pa to 100 Pa. The high stability of the hydrogel crosslinked by the A-T duplex underscores
the importance of synthesizing long oligonucleotide sequences onto 4-arm PEG. We expect the important material
characteristics, such as bond lifetime, G’ values and 7, values, to be tunable by changing the concentration and by
changing the duplex overlap length in order to suit diverse applications. We will address this in forthcoming publications.
Additionally, large scales (see e.g. 50 mL centrifuge tube in Figure Sb) are now accessible to construct DNA materials
with a temperature profile (gel-sol transition at 44 °C) applicable to room temperature studies as well as cell studies at

37 °C.
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Figure 5. Formation of model network hydrogels from 4-arm PEG-T20 and —A2o building blocks. (a) Scheme. (b) Photographs
showing the hydrogel (0.9 mM PEG-DNA total) which has high shape stability at room temperature. (¢) Temperature sweep of the
hydrogel upon cooling whilst measuring oscillatory rheology (f= 1 Hz, y = 10%, 2 °C/min). (d) Oscillatory frequency sweep of the
hydrogel at 25 °C (y = 10%), showing the crossover of G’ and G’’, which reveals the bond relaxation time as the inverse of the
crossover frequency.
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Conclusions

We introduced the first one-pot liquid-phase DNA synthesis process for long ssDNA sequences tethered to polymers,
which allows the addition of one nucleotide in a one-pot reaction (coupling, oxidization, detritylation) followed by a
single precipitation step. The key to success is choosing the right oxidizing agent, the scavenging of the DMT-cations
during detritylation, and precipitation in 2-propanol rather than diethyl ether. We further optimized reaction conditions
to also enable for the first time the depurination-free addition of A-nucleotides with this process. Using a large excess
of dichloroacetic acid rather than trichloroacetic acid in an ice bath suppresses depurination side reactions, and we
further demonstrated that no depurination is visible at all for internal (5’-substituted) A-nucleotides. To demonstrate
the feasibility of synthesizing 4-arm PEG building blocks with oligonucleotide chains long enough for DNA duplex
hybridization, we synthesized 4-arm PEG-T»y and 4-arm PEG-A», by 20-time repeated OP-LPOS in multigram scale.
Hydrogels constructed from these building blocks form shape-persistant free standing large objects, and show high
bond stability with a gel-to-sol transition of 44 °C and extended bond lifetimes, thus delivering on the premise of
synthesizing long oligonucleotide sequences. Such functional supramolecular model networks formed from
complimentary star polymers can offer unique insights into bond dynamics and binding constants, and the synthetic
procedure discussed in this work opens up pathways to more advanced studies on DNA as a mechanical crosslink. In
terms of bottom-up biomaterials design, the high stability of the model network starPEG-DNA hydrogels in terms of
Tm and bond lifetimes is crucial for cell culture and artifical tissue supports, which require the precise programming of

properties, biomacromolecular functional groups, and cellular signalling capabilities at 37 °C.

The reagents and solvents used in this work are largely standard, and we expect that this one-pot on-PEG technique will
be compatible with other currently promising liquid-phase oligonucleotide synthesis processes such as nanofiltration,
and with other types of supports. In order to achieve full sequence control in OP-LPOS and to synthesize sequences
with guanine (G) and cytosine (C) in the future, the synthesis procedure must be validated for those and possibly adapted
to achieve compatibility of a single set of reaction conditions with all nucleobases. We believe that the adenine (A)
synthesis is however the most critical part among all nucleobases. Building on this, we expect that further investigations
will successfully incorporate the sequences with G- and C-nucleotides, overcome solubility limitations, and expand to

different types of macromolecular supports. The possibility of combining any desired synthetic polymer architecture
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with fully programmable DNA sequences in large scale and excellent quality has the potential to sustainably expand

DNA materials science in both scope and scale.
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