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ABSTRACT: Applying high throughput synthetic and screening methods for the development of catalytic micro- and nanogels
remains challenging due to the nature of the workflow. Typical procedures require the preparation of stable miniemulsions followed
by radical polymerization, purification of the obtained gels by extensive extractions or dialysis, and subsequent characterization of
physical properties and examination of desired functions. In order to streamline the process, we altered the gel synthesis procedure
and developed a screening protocol to identify gel compositions with the desired catalytic function. The assays identify 5 out of 50
synthesized gels from eight different crosslinkers with high potential to hydrolyze carbohydrates. A catalytic proficiency (K../Ky x
Kuon) of up to 1.4 x 10° and gel activity of 0.8 pmol h”" mg"' was observed placing the synthesized gels among the most proficient
catalysts known for the hydrolysis of non-activated glycosidic bonds.

Introduction.

High throughput screening applying Lipinsky’s ‘rules of five’'
in structure-activity relationship studies combined with computa-
tional analyses” and robotics® is a frequently used methodology to
identify the most promising compounds* during drug discovery of
low molecular weight targets in a fairly short period of time. The
method also allows identification of specific positions in the low
molecular weight targets for modifications to achieve desired
properties, such as water-> or fat-solubility®'!, altered binding
affinity by modified strength of H-bonds,'*'* and others.

When approaching structure-activity relationship studies with
functional materials in a similar fashion, the large amount of time
to develop and characterize the desired properties in the desired
material constitutes one of the biggest challenges.!® The reasons
for the high time demands are generally found in the complexity
of the material where large numbers of multifaceted parameters
contribute to the overall properties.'> Nevertheless, successful
implementation of high throughput synthesis and screening are
nowadays commonly used in a variety of materials including the
development of metal organic frameworks (MOFs),'"'® covalent
organic frameworks (COFs)," and heterogeneous® and homoge-
neous?! catalysts.

However, adapting high throughput synthetic and screening
methods for the development of catalytic microgels remains chal-
lenging.”*' Most of the approaches in the field focus on succes-
sive synthesis and characterization of the gels in a time- and la-
bor-intensive manner.?> **%% 334 This work flow is caused by the
need to first form emulsions or miniemulsions of oil in water by
ultrasonication, followed by thermal or light-initiated radical
polymerization, purification of the obtained gels by extensive
extraction or dialysis, and finally the characterization of physical
properties and testing for desired functions.

Our previously developed 10 mL scale synthesis for polyacry-
late gels coupled with subsequent purification by dialysis is based

on the same strategy.*>® The approach provides catalysts with the
ability to selectively hydrolyze glycosidic bonds in alkaline solu-
tion and near neutral pH values.”>” Along these lines, a myriad of
interactions was probed for their contributions to the formation
and stabilization of the transition states of the glycolysis including
H-bonding interactions with the immobilized metal complex and
the surrounding matrix.*>*° Very recently, polyacrylate gels were
also developed as catalysts for the hydrolysis of underivatized di-
and oligosaccharides.”® However, their analysis added an addi-
tional step to the characterization and evaluation of the targeted
hydrolysis function, as underivatized saccharides do not possess a
chromophore and, therefore, do not facilitate a spectroscopic
evaluation of the reaction. Instead, aliquots have to be taken in
regular time intervals and subjected to off-line monitoring of the
reaction proceedings, i.e. by using chromatographic separation via
HPLC coupled with evaporative light scattering detection and
comparison to calibration curves for quantitation.™®

Therefore, streamlining of this complex and time-consuming
workflow at any step in the process will provide great advances
and savings in the required time and man-power costs. As a first
step toward this goal, we developed a new protocol based on mul-
ti-well plate assays in place of separate vial syntheses; elaborated
a screening assay to correlate gel sizes and catalytic performances
during hydrolysis of model glycosides; and lastly linked the re-
sults of the screening assays to the ability of the catalysts to hy-
drolyze a non-derivatized disaccharide. This strategy identifies for
each gels series the optimized crosslinking content; discloses the
highest observable catalytic turnover; and allows a comparison of
the gels during the catalyzed hydrolysis of glycosidic bonds in
model substrates and non-activated disaccharides. The details and
observations during the development of this approach are summa-
rized and discussed in detail below.



Results and discussion.

Protocol development and catalyst synthesis

As a first step in the outlined approach, eight crosslinkers 1a-h
are selected for the synthesis of polyacrylate gels with a variety of
matrix rigidities, chain lengths between branching points, chain
polarities, and number of branching points. (Chart 1). In a typical
synthesis (Scheme 1), the wells of a 12-well plate are filled with
aliquots of pre-made aqueous stock solutions (aqueous layer) and
mixtures of polymerizable monomers and crosslinkers (oil layer).
In more detail, the aqueous layer is comprised of 2000 pL of 52
mM TWEEN/SPAN 80/80 solution at a hypophilic-lipophilic
balance (HLB) of 14 in mixtures with 5 mM aqueous CAPS buff-
er solution at pH 10.50 at 0°C; 50 pL of 350 mM aqueous man-
nose stock solution; and 20 pL of 175 mM aqueous Cu(Il) acetate
solution. The oil layer is comprised of 0.35 mmol of mixtures of
the selected crosslinkers la-e (5 to 100 mol%), corresponding
amounts of butyl acrylate (2) (95 to 0 mol%), 0.875 mmol of
polymerizable pentadentate ligand VBbpdpo (3) in DMSO as a
solution with 4.2 wt% of ligand, 2 pL of hexadecane, and 40 pL
of a 950 mM solution of 2,2’-dimethoxy-2-phenylacetophenone
initiator in methanol. The polymerizable complex Cu,L (L =
VBbpdpo (3)) forms in situ under the given conditions.*’

The plate is cooled in an ice-water bath during ultra-sheering of
the individual mixtures (30 s each, 40 % amplitude, pulse mode:
S5s on, 2s off). Subsequent polymerization is obtained after placing
the plate under UV light. To keep the aliquots of the compounds
added in the oil layer measurable with common pipets, to main-
tain a reproducible filling of the wells, and to avoid splashing
during sonication, 12-well plates are preferred for this protocol
over plates with a larger well number and smaller volumes. All
mixtures are prepared in duplicates or triplicates and exposed to
UV light for 30-60 min while cooling in water-ice mixtures. Suit-
able sonication and polymerization times were initially deter-
mined in a series of experiments by polymerizing EGDMA (Ta-
bles S1-S5, Figures S1-S5)

Nano- and microgel screening for size and catalytic
turnover with model substrate

Previous results suggest that polyacrylate gels with a minimal
size are the catalytically most active gels when compared in their
respective polymer series.®® This observation implies that a fast
screening protocol can be developed when combining particle size
determinations with catalytic screening. This strategy is subse-
quently examined by determination of the gel with minimal parti-
cle size in each given crosslinker series, and by identification of
the catalytically most active polymer in independent experiments.
The strategy promises to identify the most active catalytic gels in
a series of polymers in a timely manner while avoiding lengthy
catalyst purifications based on dialyses or extractions of each gel.
Thus, the mean diameters of the particles and their distributions in
the synthesized gel suspensions are determined for each polyacry-
late series using dynamic light scattering (DLS). The analysis
reveals broad particle size distributions with dispersity indices
between 0.4 and 0.9 nm in all polymer series at low crosslinking
contents. By contrast, monomodal distributions with dispersity
indices below 0.4 are observed when higher amounts of the cross-
linkers are used during particle synthesis (Table S6, Figure S6).
In more detail, monomodal distributions of the particles are ob-
tained when the gels are synthesized from at least 60 mol%
EGDMA, HDMA or DDMA, 40 mol% DEGDMA, or 25 mol%
TEGDMA. Likewise, monomodal distributions are obtained when
at least 30 mol% of TMPTA, 20 mol% of PETA or 10 mol% of
DPHA are used during material synthesis. The observations indi-

cate that monomodal particle distributions are supported at re-
duced mobility of the chains forming the particle. Relative to
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Chart 1. Structures of selected crosslinkers 1

Scheme 1. Synthesis of micro- and nanogels from minie-
mulsions in 12-well plate assays
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Figure 1. Mean of the particle diameter with the largest peak
area in polydisperse gels (red half circle) and intensity-
weighted mean of monomodal dispersions (blue half circle)
over the respective composition of the gels synthesized from
EGDMA (1a)

EGDMA as a standard, this effect can be achieved by increasing
the H-bond formation through polar repeating units (DEGDMA,



TEGDMA) and by increasing the number of branching points
(TMPTA, PETA, DPHA) in the crosslinker itself.

To visualize the minimal particle size in each gel series, the in-
tensity-weighted mean of the hydrodynamic diameters is plotted
over the respective crosslinking content for gels with moderate
and narrow distributions (Figures 1 and S7). For gels with broad
distributions, the mean of the peak with the largest area is plotted
likewise in the same graph. The gel with the lowest diameter
marked with an arrow. The results indicate the formation of mon-
omodal nanogels with minimal hydrodynamic diameters D, for
crosslinkers la-le, 1g-1h, while microgels are obtained from
crosslinkers 1d-1e (Table 1). In contrast to all other gels, the dy-
namic light scattering experiments for TMPTA-containing gels do
not indicate monomodal size distributions over the evaluated
crosslinker range (Figure S6f, Table S6f, Figure S7F). A repeti-
tion of the material synthesis did not alter the results. As macro-
molecular catalysts with broad dispersity are undesirable,
TMPTA-derived gels are not considered further in this study.

In a second set of characterization experiments, aliquots of the
unpurified gels are used to catalyze the hydrolysis of 4-
methylumbelliferyl N-acetyl-f-D-glucosaminide (4) in 50 mM
aqueous HEPES buffer (Scheme 2). The developed assay uses 96-
well plates and constant concentrations of substrate (2 mM) and
catalyst (8 M) in each well at an overall nominal volume of 200
pL. The formation of 4-methylumbelliferone (5) is followed at 37
°C by recording changes in arbitrary fluorescence units by reads
at 465 nm (A, = 360 nm) over 6 h in 10 min intervals. While
kinetic parameters cannot be deduced from such an assay, chang-
es in the amount of product formation over time can be gathered
and correlated to the crosslinking content of each gel (Figures 2-3
and S8, Table S7).

A comparison between the maximized slopes for the hydrolyses
of 4 and the sizes of the gels used as catalysts for the glycoside
hydrolysis (Figure 2) shows a correlation between the steepest
slopes of the initial rates of the reaction and the sizes of the re-
spective nano- and microgels. In short, the smallest particles are
the most efficient catalysts in each polymer series. A comparison
across the polyacrylate series reveals that the nanogels derived
from crosslinkers 1a-c are more efficient in the hydrolysis of the
glycosidic bond in 4 than microgels derived from crosslinkers 1d-
e and 1g-h (Figure 2).

Prior to catalytic hydrolysis of a reducing disaccharide, five se-
lected nanogels with EGDMA (60 mol%), DEGDMA (40 mol%),
TEGDMA (25 mol%), PETA (20 mol%) and DPEHA (10 mol%)
crosslinkers are re-synthesized in 10 mL scale,®® purified by dial-
ysis following previously described procedures,’ and character-
ized for their ligand content. The ligand concentration is derived
as a percentage of its theoretical value using gravimetric analyses
during gel syntheses as the non-dialyzable TWEEN-SPAN surfac-
tant system does not allow isolation of the gels (Figure S9, Table
S8). At the 60 min mark, the polymerization has progressed to
94% for EGDMA, 90% for DEGDMA, 91% for TEGDMA, 90 %
for PETA, and 91 % for DPEHA accounting for an overall cata-
lyst concentration in the gels between 105 and 142 pM. The
amount of immobilized VBbpdpo ligand also serves as a measure
for the concentration of the binuclear Cu(II) complex derived
from the immobilized ligand. Isothermal titration calorimetry
based on previously developed assays showed quantitative reload-
ing of Cu(lIl) ion relative to the identified ligand concentrations
for all gels (Figure S10). As the TWEEN-SPAN surfactant sys-
tem is non-dialyzable, the thermal stability of the herein described
polyacrylate nanogels is not determined. However, related poly-
acrylate microgels obtained in a SDS surfactant system were pre-
viously evaluated and may give an estimate of the stability of the
materials under investigation here (see Supporting Information).*!

The five selected gels are then used as catalysts to hydrolyze non-
derivatized carbohydrates.*
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Figure 2. Correlation between steepest slope and lowest hy-
drodynamic diameter in selected gels

Table 1. Minimal hydrodynamic diameters D, of selected
monomodal gels from crosslinkers 1a-h

Entry Crosslinker mol% Dy, [nm]
1 EGDMA (1a) 60 65+2
2 DEGDMA (1b) 40 65+3
3 TEGDMA (1c¢) 25 62 +2
4 HDMA (1d) 60 101 +3
5 DDMA (1e) 60 118+ 10
6 TMPTA (1f) 30 --
7 PETA (1g) 20 90+5
8 DPEHA (1h) 10 83+3

Scheme 2. Hydrolysis of model substrate 4
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Figure 3. Change of arbitrary fluorescent units per time for
the hydrolysis of model substrate 4 in correlation to the con-
tent of crosslinker 1a in corresponding gels.

To assess the quality of the developed pre-screening assays for
the identification of optimized catalysts, the catalytic hydrolysis
of turanose (6) into glucose (7) and fructose (8) is examined. The
disaccharide consists of a non-reducing glucopyranosyl unit with
a 1-3 a-linkage to a reducing fructose moiety (Scheme 3).
While the reducing fructose unit in 6 may exist in equilibria of
pyranosyl, furanosyl and open chain structures, the p-
fructopyranosyl form (65%) is dominant in aqueous solution and
shown here.* Typically, non-activated disaccharides (such as 6)
are more difficult to hydrolyze than model substrates (such as 4)
with good leaving groups.

Nanogels for catalytic disaccharide hydrolysis

In the following kinetic assay, 250 pL aliquots of 21-28 uM pu-
rified polyacrylate gels are preheated at 60 °C in 2000 pL of
aqueous sodium hydroxide solution and treated with 250 pL tura-
nose solution in six concentrations between 25 and 500 mM. The
resulting concentrations of substrate (2.5-50 mM) and catalyst (2-
3 uM) ensure steady-state conditions in the assay and allow anal-
ysis of the obtained data by Michael is-Menten methods. Along
these lines, six aliquots (100 pL) of the reaction mixture are taken
in regular time intervals over 3 h, neutralized with 12 mM hydro-
chloric acid, flash frozen, and stored at -20 °C until analysis by
HPLC. The formation of glucose (7, R¢ = 8.2 min) and the con-
sumption of turanose (6, R;= 11.5 min) is followed by analysis of
their respective peak area. A Luna amino column is used as the
stationary phase and isocratic 80% acetonitrile as the mobile
phase. The sugar amounts are quantified by comparison to cali-
bration curves.

Plots of the resulting initial rates corrected for the catalyst con-
centration over the substrate concentration yield kinetic rate con-
stants (k) and substrate affinities (Ky;) using the Michaelis-
Menten equation (Table 2). All experiments are performed in
duplicates or triplicates, and the data are given as averages there-
of. Catalyst-free control reactions of the substrate hydrolysis are
done under comparable conditions yielding the rate constant for
the uncatalyzed reaction (ko). For the discussion of the perfor-
mance of the polyacrylate gels, their catalytic efficiency (k./Kw)
and proficiency (ke/(Ky x knon)) disclose the contributions of the
different matrix compositions at the given crosslinker amounts.

Scheme 3. Gel-catalyzed hydrolysis of turanose (6)
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The proficiency of the optimized catalysts to hydrolyze turanose
is up to 1.4 x 10° and thus comparable to proficiency of other
catalysts for the hydrolysis of a model substrate with an activated
glycosidic bond.* This result is notable as the hydrolyzed disac-
charide used here is underivatized and the leaving group is non-
activated. Within experimental error, the turanose hydrolysis is
comparably catalyzed by nanogels synthesized from la-c at their
identified crosslinking content, while gels 1e-f are somewhat less
efficient (Figure 4). This observation indicates a better stabiliza-
tion of the transition state of the reaction by crosslinkers promot-
ing hydrogen bondings (1a-c) than by crosslinkers promoting a
higher crosslinking density through increased number of branch-
ing points (le-f). Overall, the results mirror the results of the
above-described screening assays and emphasize that the combi-
nation of screening assays for catalytic activity and size allows the
identification of catalytically proficient gels circumventing tedi-
ous efforts in synthesis and purification of a large number of gels.
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Figure 4. Efficiency (k.,/Ky) of selected polyacrylate nanogels
for the hydrolysis of turanose (6)
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Table 2. Kinetic parameters for the gel-catalyzed hydrolysis of turanose (6)

Crosslinker, 1 Kear £ Ay x 10~ [min™"] Ky  AKy; [mM] kea/K [min™'M™] Kear/ (K X Knon)
EGDMA, 1a 192 +1.35 7.66 +2.50 2.5 1,400,000
DEGDMA, 1b 20.0+ 1.20 8.39+1.22 2.4 1,400,000
TEGDMA, 1¢ 20.6 +0.84 9.29 +0.764 22 1,300,000
PETA, le 309+22 21.2+2.50 1.5 820,000



DPEHA, 1f 38.3+1.41

23.7+1.87 1.6

910,000

kpon = 1.78 £ 0.07 x 10 min "M in 8 mM aqueous NaOH solution

Conclusions

The elaborated synthesis and screening assays streamline the
catalyst development and provide several advantages over previ-
ously established synthesis and characterization protocols. In
more detail, the revised procedures allow the synthesis of 12 in-
stead of 4 polymers per hour, and enable catalytic screening using
a model substrate in a 96-well plate assay before in-depth purifi-
cation and characterization of a large number of gels. In the cur-
rent study, the revised protocol narrows down the evaluation and
characterization of 51 polyacrylate gels synthesized from 8 cross-
linkers to 5 pre-selected gels with known composition and high
potential for a maximized performance during the catalytic hy-
drolysis of glycosidic bonds. A catalytic proficiency of up to 1.4 x
10° for the hydrolysis of the non-activated glycosidic bond in
turanose at 60 °C is achieved by EGDMA-based nanogels. Simi-
lar, yet slightly lower proficiencies are determined for DEGDMA-
and TEGDMA-based nanogels possessing longer glycol chains in
their respective polymer backbones. This observation is ascribed
to increased H-bond interactions and higher binding interactions
between substrate, products and gel backbones of 1b and 1c that
possess one and two more glycol units than 1a (Table 2).

While several types of biomimetic catalysts for the hydrolysis
of glycosidic bonds are known, most of these entities demonstrate
their activity by hydrolyzing activated glycosidic bonds in model
substrates in acidic solutions and elevated temperatures. A notable
example includes the evaluation of catalytic antibodies with profi-
ciencies up to 1x 107 for the hydrolysis of glycosidic bonds.****

Reports for the hydrolysis of underivatized carbohydrates and
non-activated glycosidic bonds are less frequent.***’ In this con-
text, Ce(IV) ions were shown to hydrolyze disaccharides between
40 and 80°C in 40 mM TRIS buffer at pH 7.0 or more acidic con-
ditions more than 25 years ago.*’ While kinetic parameters for the
hydrolysis of sucrose are reported (kg = 2.26 x 10° min™; Ky =
3720 mM),*’ a value-by-value comparison of the ion-induced
catalytic activity to the herein described gels remains limited due
to the largely different reaction conditions, vastly different sub-
strate affinities, pH values of the reactions, and temperatures, and
the lack of data for the uncatalyzed reaction under the respective
reaction conditions.*® More recently, a synergistic hydrolysis of
cellulose by a blend of cellulose-mimicking polymeric nanoparti-
cle catalysts is reported with activities of up 0.486 + 0.011 pmol
mg™! h'! at 90 °C and 0.512 £ 0.001 pmol mg™ h™! at 100 °C at pH
6.5.% When expressing the catalytic performance of the herein
developed gels likewise as product amount formed over time in
dependence of the catalyst amount, the activities calculate to
0.350 to 0.840 pmol mg™' h™' (Tables S9-S10). Thus, the synthe-
sized gels place overall among catalysts with highest proficiency
in the hydrolysis of non-activated glycosidic bonds. The elaborat-
ed screening and synthesis protocols are likely to open new path-
ways for further development of biomimetic catalysts in near
future.
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