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Through the innovative use of surface-displayed horseradish per-
oxidase, this work explores the enzymatic catalysis of both
bioRAFT polymerization and bioATRP to prompt polymer synthesis
on the surface of Saccharomyces cerevisiae cells, with bioATRP
outperforming bioRAFT polymerization. The resulting surface
modification of living yeast cells with synthetic polymers allows for
a significant change in yeast phenotype, including growth profile,
aggregation characteristics, and conjugation of non-native
enzymes to the clickable polymers on the cell surface, opening

new avenues in bioorthogonal cell-surface engineering.

Introduction

The application of nanotechnology is particularly exciting in
the realm of biotechnology, where living cells can be interfaced
with synthetic materials to achieve novel functionalities.
Single-cell nanoencapsulation (SCNE) has great potential in
augmenting the properties of individual cells by imparting
orthogonal functionalities via decoration of the cell surface
with non-natural molecules, effectively modifying the pheno-
type without altering their genetic makeup." This has already
** eg by

10-12

been explored with microbial and animal cells,
entrapping cells within enzyme-synthesized hydrogels.
Yeast cells, in particular, have proven to be a versatile subject
for SCNE due to their broad range of biotechnological

applications.”®™*®> The well-known yeast surface display of
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enzymes on the membrane of S. cerevisiae provides a platform
for in situ enzymatic reactions,'®'’ for instance with the
enzyme horseradish peroxidase (HRP).'® Surface-displayed
HRP has been used to synthesize cross-linked phenol-modified
alginate and chitosan hydrogels around yeast cells."® However,
the resulting hydrogels were several micrometres thick, and
their polymerization process was difficult to control. Linear
polymer chains grafted to the cell surface form a shell with
nanoscale thickness, thus providing a much thinner yet fully
functional polymer sheath to the cells. Moreover, compared to
crosslinked hydrogels, the defined structure of linear polymers
offers easier tunability of thickness and density, as well as a
broader range of surface functionalizations. Radical chain
growth polymerization leads to linear polymers and can be
living
For example, polymer chains were grafted from

carried out under cytocompatible conditions on
cells.?*2?
living yeast cells through copper-catalysed atom transfer
radical polymerization (ATRP),"> or photoinduced electron
transfer-reversible  addition-fragmentation  chain-transfer
polymerization (PET RAFT).>*** However, the conditions used
were relatively harsh and not easily scalable. ATRP and RAFT
polymerizations can also be catalysed and initiated by
enzymes such as HRP, hemoglobin, or laccases.*”™° As
enzymes can be produced by the cells themselves, bioATRP
and bioRAFT polymerizations should be ideally suited to grow
polymers on cell surfaces and, therefore, engineer the surface
with enzymatically synthesized non-natural polymers.

Herein, we report the ability of HRP-displaying S. cerevisiae
cells to polymerize monomers such as poly(ethylene glycol)
methyl ether methacrylate (PEGMA), clickable PEGMA
(bearing an azide group; PEGMA-N;), and N-isopropyl acryl-
amide (NIPAM) on their cell surface (Fig. 1). To confine the
polymerization to the surface of the cells, i.e. to form a nano-
scale polymer layer around the cells, the polymerizations were
carried out as grafting-from polymerization that forms
polymer brushes. To this end, either a chain transfer agent
(CTA) for RAFT polymerization or an alkyl halide ATRP
initiator was chemically conjugated to the cell surface. With
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Fig. 1 Schematic of enzyme catalysed grafting-from polymerization on yeast cell surfaces: S. cerevisiae displays HRP (tethered to the proteins
Agalp—-Aga2p) on the cell wall; the conjugation of either an ATRP initiator (BiB-NHS) or a RAFT chain transfer agent (CPPA-NHS) to surface proteins
allows to graft polymer chains from the cell surface by HRP-catalysed bioATRP or bioRAFT of vinyl monomers, such as the macromonomer PEGMA.

PEGMA as a macromonomer, the resulting polymers are
highly hydrophilic and biocompatible,*® making them desir-
able for biological applications. In addition, the clickable
monomer allows the polymer brushes to be functionalized
with fluorescent dyes and non-native enzymes. Thus, the cells
can self-encapsulate in a synthetic polymer, allowing for
bioorthogonal engineering of the cell surface, e.g., for the cells
to acquire new metabolic capabilities or to be used as building
blocks for engineered living materials.

Results and discussion

Polymerization conditions for bioATRP and bioRAFT on yeast
cells

We expressed HRP on the surface of S. cerevisiae and grew the
yeast on synthetic galactose-containing medium (SG). Flow
cytometry data showed that 40% of the yeast cells expressed
the enzyme, resulting in two populations (with and without
HRP). This expression level aligns with typical findings in
yeast surface display (ESI Fig. 1at)."’ The 3,3',5,5-tetramethyl-
benzidine (TMB) peroxidase activity assay*> showed that HRP-
expressing cultures had much higher enzymatic activity than
the control, suggesting that the surface-displayed enzyme
could be investigated as a catalyst for biocatalytic controlled
radical polymerization (ESI Fig. 1bf). We tested enzymatic
RAFT (bioRAFT) and ATRP (bioATRP) for enzyme-mediated
polymerizations. To this end, N-hydroxysuccinimide (NHS)
chemistry was used to tether either the RAFT chain transfer
agent 4-cyano-4-( phenylcarbonothioylthio)pentanoic acid (CPPA)
or the ATRP initiator bromoisobutyrate (BiB) to lysines exposed
on the surface of the yeast cells. The fluorescamine assay
showed that nearly 90% of both the added chain transfer
agent or the initiator were conjugated to the cell surface (ESI
Fig. 21). Using carboxyfluorescein-NHS (CF-NHS) as a fluo-
rescent model molecule with similar reactivity, we observed no
visible uptake into the cells, suggesting that both CPPA and
BiB would be presented on the outer cell surface, together with
the surface-displayed HRP (ESI Fig. 371).

This journal is © The Royal Society of Chemistry 2023

We then proceeded to compare the monomer conversion,
as well as the number-average molecular weight (M,,) and dis-
persity (P) of PPEGMA that was synthesized on the cells at
37 °C but in otherwise different conditions. To this end,
PPEGMA was detached from the proteins after the polymeriz-
ation and characterized by NMR spectroscopy (monomer con-
version) and gel permeation chromatography (M, and D)
(Table 1 and ESI Fig. 41). In the absence of surface-displayed
HRP and initiator or CTA, the monomer conversion was low
(P1). Polymerizations were carried out with the initiators free
in solution (1-step process: conjugation simultaneously with
polymerization) or tethered to the surface (2-step protocol:
polymerization after conjugation) (P2 and P3 vs. P4 and P5,
ESI Fig. 5t1). The 2-step protocol achieved better conversion
and resulted in polymers with lower dispersity. Cells perform-
ing ATRP also consistently showed a better viability (generally
>70%) than cells subjected to RAFT polymerization (<50% via-
bility) (ESI Fig. 6), as well as better monomer conversion and
comparable dispersity. A control experiment with the initiator
but without expressed HRP showed low but non-negligible
monomer conversion (23%), suggesting residual activity on the
surface of yeast (P6). Interestingly, when free HRP was added
in solution to cells that did not display the enzyme on their
surface (at the same concentration as it would have been
expressed by the yeast, ~5.3 pg mL™"), a similarly low conver-
sion was observed (P7, ESI Fig. 7t). Thus, the low amount of
HRP in the reaction mixture did not have effect on the conver-
sion, which highlights that the mere presence of HRP in solu-
tion is not sufficient for efficient conversion. The display of
HRP on the yeast surface significantly enhances efficiency of
the reaction, probably by locally creating high enzyme concen-
trations on the yeast. This was further confirmed by confining
HRP on one kind of cell, and the polymers on another: HRP-
displaying yeast were combined with yeast cells lacking HRP
but possessing the ATRP initiator (ESI Fig. 81). The monomer
conversion remained low, showing that no inter-cell polymeriz-
ation occurred (P8). Thus, the efficient polymerization on the
cell surface requires both the enzyme and the initiator on the
same cell.
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Table 1 Summary of the main polymerization conditions and the resulting monomer conversion, molecular weight and dispersity of polymers that
were enzymatically synthesized on the surface of yeast. The monomer to initiator/CTA was 20 : 1, except in P11 (vide infra)

1 step/2 step Type of HRP Monomer M, (gmol™) M, (gmol™) B
Name conjugation Medium polymerization expression Monomer conversion (%) (theoretical) (GPC) (GPC)
P1 — PBS — - PEGMA 7 3329 53317 2.66
P2 1 PBS ATRP + PEGMA 75 34383 71510 2.95
P3 1 PBS RAFT + PEGMA 45 20717 40015 1.95
P4 2 PBS ATRP + PEGMA 74 33850 36157 1.33
P5 2 PBS RAFT + PEGMA 57 25617 26 891 1.61
P6 2 PBS ATRP - PEGMA 23 11797 52583 1.76
P7 2 PBS ATRP o PEGMA 26 12 048 55726 1.67
P8 2° PBS ATRP + PEGMA 22 10207 45123 2.47
P9 2 YPD ATRP + PEGMA 94 42 957 33671 1.62
P10 2 YPD RAFT + PEGMA 81 37172 36503 1.69
P11 2 YPD ATRP + PEGMA : PEGMA-N; 93 34734 35637 1.48
(3:1)
P12 2 YPD ATRP + PEGl\gA: PEGMA-N; 97 9952 48 641 1.55
(9:1)
P13 2 YPD ATRP + PEGI\%A: PEGMA-N; 50 20163 56102 2.04
(3:1)
P14 2 YPD ATRP + PEGMA-N; 93 21409 48 840 1.16
P15 2 YPD ATRP + NIPAM 50 13 040 37245 1.3
P16 2 YPD ATRP + PEGMA-Cy5 96 42 095 57521 1.2

PBS: phosphate-buffered saline. YPD: yeast-peptone-dextrose. “ No initiator/CTA added, used as negative control. ? Free HRP added to uninduced
yeast. ° NHS-BiB conjugated to cells not expressing HRP, mixed with cells expressing HRP but without initiator. ¥ Chain extension in P13 of the

polymers synthesized in P12.

We then switched the polymerization from PBS to yeast-
peptone-dextrose culture media (YPD), where we could poly-
merize PEGMA almost quantitatively (P9) via the ATRP mecha-
nism, probably due to a higher reductive environment thanks
to the increased cell metabolism. Also RAFT polymerization
achieved improved monomer conversion (P10).

The most striking feature in YPD was the greatly increased
viability of the cells for ATRP (>80%), whereas RAFT could only
achieve 51% (ESI Fig. 61). Thus, we focused on ATRP in YPD
for the ensuing polymerizations.

For instance, it was also possible to co-polymerize PEGMA
bearing an azide group (PEGMA-N;) (P11), setting the ground-
work for surface conjugation. We observed that the zeta poten-
tial ({-potential) of the modified yeast cells remained relatively
consistent when comparing naked (polymer-less) cells to those
with attached polymers. This suggests that the surface-
attached polymers, likely due to the water-soluble nature of
PEG and its inherent steric effects, may not densely cover the
cell surface, thereby having minimal impact on the zeta poten-
tial (ESI Fig. 97).

Furthermore, we tested whether the polymer chains could
be extended in a subsequent polymerization: in P12, a first
PPEGMA : PPEGMA-N; (9:1 molar) polymer was produced on
the cell surface. The same cells were then subjected to another
iteration of a similar copolymerization (P13) (Table 1 and ESI
Fig. 10t). The monomer conversion was lower than in the first
step, the number average molecular weight increased slightly,
and P increased from 1.55 to above 2. Moreover, the experi-
mental M, were much higher than the theoretical values in
both steps. These results suggest that, while polymers could be
chain extended, the initiation of this step was inefficient, and

19488 | Nanoscale, 2023, 15, 19486-19492

only a few chains tended to grow to a maximum length. Thus,
while bioATRP on yeast cell surface can produce relatively nar-
rowly dispersed polymers, they tend to be irreversibly
deactivated.

We observed that the zeta potential ({-potential) of the
modified yeast cells remained relatively consistent when com-
paring naked (polymer-less) cells to those with attached poly-
mers (ESI Fig. 91). This suggests that the surface-attached poly-
mers, likely due to the water-soluble nature of PEG and its
inherent steric effects, may not densely cover the cell surface,
thereby having minimal impact on the zeta potential.

To assess the ability of yeast to undergo polymerization
across multiple generations, ie., to consistently self-encapsu-
late even after shedding part of their polymer coating during
budding, the PPEGMA of P14 cells were labelled with Cy5
(vide infra), after which the yeast cells were allowed to grow for
further 36 h on SG. As expected, flow cytometry showed that
the original polymer coating had been “diluted” across gener-
ations, and most yeast cells were lacking fluorescently labelled
polymers. A new polymerization of PEGMA-N; again resulted
in a high conversion (88%) and allowed the labelling of the
polymer-coated cells with Cy5. The resulting population of
fluorescently labelled cells showed very similar flow cytometry
results to the original generation of polymer-functionalized
cells, confirming the ability to repeat the enzymatic polymeriz-
ation process ad libitum (ESI Fig. 1271). This mimics the natural
ability of yeast cells to reform the cell wall after replication,
and the result is crucial for potential applications of self-
encapsulating yeast, for example in whole-cell biocatalysis.®

Finally, we explored the use of N-isopropylacrylamide
(NIPAM) for polymerization, creating P15, a polymer variant

This journal is © The Royal Society of Chemistry 2023
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with a lower monomer conversion but still a good control over
polymerization, which offers a different set of properties for
potential applications beyond those achieved with PEGMA-
based systems.

Engineering of the cell surface with PPEGMA

Having confirmed the successful formation of polymer
brushes on the yeast cells, we moved on to characterize the
effect it would have on the microbes. P9 cells exhibited a
slightly slower and limited growth (Fig. 2a). In addition, the
PPEGMA layer increased the number of surviving yeast cells
when treated with zymolyase (Fig. 2b), most likely because it
hindered, to an extent, the digestion of the cell wall by this
enzyme.

TEM images of P9 showed that yeast had darker sections on
its cell wall, compared to naked yeast, possibly due to the
adsorption of the staining agent on PPEGMA (ESI Fig. 117). To
further confirm the presence of PPEGMA on the surface of
yeast, we incubated P9 and naked yeast with fluorescently-
labelled concanavalin A (TAMRA-ConcA) (ESI Fig. 13af). ConcA
is a protein that binds specifically to carbohydrate residues
which are abundant on the outer surface of yeast cell walls. We
hypothesized that if PPEGMA was present on the yeast surface,
there would be a reduced accessibility of these mannose and
glucose residues due to the steric hindrance provided by the
polymer chains, and consequently, a decreased fluorescence
when compared to naked yeast. Using fluorescence
microscopy, we observed a noticeable reduction in
TAMRA-ConcA binding on P9 cells compared to naked yeast
(ESI Fig. 13b and ct), which was quantitatively confirmed by
fluorimetry (ESI Fig. 13df). This not only indicates that
PPEGMA was present on the yeast surface but also suggests a
dense grafting of the polymer chains that limits the accessibil-
ity of the underlying cell wall components to external mole-
cules such as ConcaA.

As previously reported, tannic acid (TA) can non-covalently
crosslink PEG chains on cell surfaces.”® Addition of TA to the
polymer-decorated yeast cells resulted in large yeast clusters
due to this crosslinking (ESI Fig. 14}). Upon centrifugation
and subsequent washing with PBS, TA was removed, resulting

— Naked yeast
— Yeast+PPEGMA

Time (hours)

Fig. 2
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in the yeast cells becoming disperse again (ESI Fig. 147). Thus,
the polymer coating could influence the aggregation behaviour
of cells.

In our quest to explore the potential applications of the
polymer-decorated yeast cells, we became interested in the
ability to generate metallic nanoparticles (NPs) on the cell
surface, since yeast cells are also known as efficient, “green”
synthesizers of NPs,*® and this has potential relevance in areas
such as catalysis, biosensing, and environmental remediation.
We hypothesized that the polymer brushes might serve as an
effective matrix for NP synthesis and stabilization on the cells
(ESI Fig. 15at).** In the case of silver nanoparticles (AgNP), the
particles harvested from the supernatant were 13x more abun-
dant using P9 than the naked yeast (ESI Fig. 15b and ct) and
their {-potential was more neutral (ESI Fig. 15d¥), a clear sign
of the impact of PPEGMA. Nevertheless, AgNP are biocides,*®
and their production did affect cell viability, which dropped to
less than 50% for the cells with PPEGMA (ESI Fig. 15et). The
yield of palladium nanoparticles (PANP),*® on the other hand,
was 2x higher than in the controls (ESI Fig. 16at), and viability
was not affected (ESI Fig. 16bt).

Taken together, our findings not only confirm the success-
ful formation of a PPEGMA polymer brush on yeast cells, but
also reveal a multifaceted interplay between the polymer and
the cellular behaviour. The modification of the cells with poly-
mers impacts cell growth, imparts resistance to enzymatic
degradation, alters response to crosslinking agents, and modu-
lates the cell’s capacity for nanoparticle synthesis.

On-surface polymer functionalization

The presence of azide groups on P(PEGMA-co-PEGMA-N3) poly-
mers provides a powerful tool for the attachment of various
functional molecules via click chemistry to the cells, further
extending the application potential of these modified yeast
cells. To demonstrate this, a clickable fluorescent dye (Cy5-di-
benzocyclooctyne, Cy5-DBCO) was incubated with P11 cells
and P14 cells. The successful conjugation was confirmed via
confocal microscopy and flow cytometry (Fig. 3a, b and ESI
Fig. 171). Cy5 fluorescence was detected on the surface of
yeast. However, flow cytometry showed a rather poor labelling

b 100+
o — Naked yeast
g — Yeast+PPEGMA
%; 50+
s
o
o ; 10

Time (hours)

Influence of the enzymatically synthesized PPEGMA on the growth and resistance against enzymatic lysis of yeast cells. (a) ODggo curve for

naked and PPEGMA-coated S. cerevisiae. (b) % ODgoo curve for naked and PPEGMA-coated S. cerevisiae incubated with zymolyase. Mean values,

and error bars displayed as SD, n = 3.
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Fig. 3 Biorthogonal functionalization of yeast cells through click-chemistry conjugation to the polymer PPEGMA-N3 on the cell surface or by poly-
merizing functionalized PEGMA-N3 monomers. (a) Scheme of the conjugation of fluorescent Cy5 to PPEGMA-N3. (b) CLSM micrographs of Cy5-
conjugated cells. Scale bars: 5 pym (PEGMA-N3), 10 pm (other micrographs). (c) Scheme of the conjugation of enzymes (e.g. p-gal) to PEGMA and
subsequent polymerization. Note that some enzymes might be conjugated to more than one PPEGMA chain, effectively crosslinking the polymers.
(d) Results of the colorimetric activity assay for p-gal: activity (normalized % absorbance 405 nm/ODgg0) for naked cells incubated with p-gal (blue),
yeast with PEGMA-N polymerized in presence of p-gal without DBCO (thus unclickable, red) and $-gal conjugated to PEGMA-Ns, i.e. -gal-functio-
nalized yeast. (e) Enhanced cell growth by digestion of lactose through p-gal: % ODeggo for p-gal-conjugated yeast incubated in lactose medium
(YPL). (f) Enhanced cell survival in the presence octyl-glucopyranoside by p-gal: % ODggo for p-gal-conjugated yeast incubated with 25 mM octyl-
glucopyranoside. Mean values, error bars displayed as SD, n = 3. **: p < 0.01, ***: p < 0.001.

the number of fluorescent dyes on the cells. Cy5 was once
again successfully conjugated to the polymers (ESI Fig. 19 and
207).

efficiency suggesting a low incorporation of PEGMA-N; into
these copolymers (ESI Fig. 181). We then focused our attention
on the PPEGMA-N; homopolymer (P14) in order to increase

19490 | Nanoscale, 2023, 15, 19486-19492 This journal is © The Royal Society of Chemistry 2023
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To augment the cells with non-native functionality, proteins
were conjugated to the clickable polymers using enzymes that
were modified with a cycloalkyne linker.>*”*® We selected the
enzyme f-galactosidase (p-gal), as it is not expressed by
S. cerevisiae. The post hoc conjugation of p-gal-DBCO to P14
proved to be ineffective, possibly hindered by the protein-repel-
lent PEG brushes (ESI Fig. 21at). Thus, we tested the possi-
bility of using PEGMA-N; monomers to which functional enti-
ties were conjugated before polymerization. In a first test, Cy5
was clicked to azide-PEGMA and then the monomer was poly-
merized on the cell surface (P16). The fluorescence could once
again be detected on the yeast surface, demonstrating that
modified macromonomers could be polymerized on the cells
(ESI Fig. 22}). We then conjugated f-gal to the macromonomer
before polymerization, with a conjugation efficiency of 33%
(Fig. 3c and ESI Fig. 21a, bf). Not only were p-gal-functiona-
lized yeast cells able to yield the coloured o-nitrophenol from a
chromogenic substrate of p-gal (Fig. 3d), but the enzyme could
also increase the proliferation of yeast on lactose as the main
carbon source (Fig. 3e) which the cells would otherwise not be
able to metabolize as they do not express this enzyme.
Moreover, f-gal improved the survival of the cells against the
detergent octyl-glucopyranoside (Fig. 3f), as the enzyme
degrades this compound.*®

To prove the versatility of the approach to functionalize cell
surfaces with polymer-enzyme conjugates, alkaline phospha-
tase (ALP), an enzyme that also is not excreted by the yeast,
was linked to the clickable monomer, which was then polymer-
ized on the cells (ESI Fig. 217). ALP too made the decorated
cells produce o-nitrophenol; furthermore, the enzyme was able
to induce the precipitation of calcium phosphate by cleaving
the substrate calcium glycerophosphate,*® resulting in mineral
clusters depositing around the cells, thus creating a novel
mechanism for biomineralization mediated by S. cerevisiae
(ESI Fig. 23b1).>°

Concluding, the experiments with the two model enzymes
show that self-synthesized polymer-enzyme conjugates can be
used to install orthogonal catalytic activity onto yeast cells
which strongly modifies the behaviour of the cells.

Conclusions

In conclusion, we show how the yeast surface display of HRP
can be exploited to create S. cerevisiae cells that can synthesize
polymers on their surface through enzymatic controlled
radical polymerizations. The cells encapsulate themselves in a
synthetic polymer and are able to repeat such a process across
generations to renew the polymer coating. The mild reaction
conditions are cytocompatible and allow for high cell viability.
The polymers alter the behaviour of the cells and allow the
bioorthogonal functionalization of the cell surface, e.g. with
non-native enzymes, thus broadly changing the possible phe-
notypes by the introduction of just a single enzyme. Such
hybrid cells could find applications as whole-cell biocatalysts
that have acquired new metabolic capabilities, or as building

This journal is © The Royal Society of Chemistry 2023
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blocks for engineered living materials such as self-replicating
yeast-polymer composites. Methodological adjustments will
allow the concept to be applied to other cell types such as
animal cells that lack a chitin wall. Thus, our work blurs the
boundary between natural and synthetic matter, with impli-
cations for both materials science and biotechnology.
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