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Macromolecule branching upon polyhedral oligomeric silsesquioxanes (POSS) via “click” chemistry has
previously been reported for promoting natural biological responses in vitro, particularly when regarding
their demonstrated biocompatibility and structural robustness as potential macromolecule anchoring
points. However, “clicking” of large molecules around POSS structures uncovers two main challenges: (1)
a synthetic challenge encompassing multi-covalent attachment of macromolecules to a single nano-
scale-central position, and (2) purification and separation of fully adorned nanocages from those that are
incomplete due to their similar physical characteristics. Here we present peptide decoration to a TgPOSS
nanocage through the attachment of azido-modified trimers. Triglycine- and trialanine-methyl esters
“clicked” to 97% and 92% completion, respectively, resulting in 84% and 68% yields of the fully-adorned
octamers. The “clicks” halt within 27-h of the reaction time, and efforts to further increase the octamer
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yield were of negligible benefit. Exploration of reaction conditions reveals multiple factors preventing full
octa-arm modification to all available POSS nanocages, and offers insights into macromolecule attach-
ment between both peptides and small inorganic-organic structures, all of which require consideration
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1. Introduction

Symmetrical three-dimensional structures of polyhedral oli-
gomeric silsesquioxanes (POSS) have the empirical formula
(R-Si0; 5), and consist of six (Tg) to twelve (Ty,) silica junc-
tions which may be functionally modified at each vertex.'”
These inorganic-organic hybrid materials of cage-like struc-
ture have attracted significant attention due to their unique
nanoscale architecture and multi-functionality which offers
promise for a wide range of scientific and engineering
applications.®® In particular, their biocompatibility, mole-
cular stability, and relative ease of modification render POSS
suitable for use in nanomedicine, tissue engineering, and
drug delivery systems.”'°
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In drug delivery applications, demonstration of POSS
nanocage transportation through transmembrane and vascular
pores offers prospects for their cellular and tissue uptake,"
whilst their thermal resistance, oxidation stability, and surface
hardening properties demonstrate suitability for delivering
drug loads when integrated into polymeric matrices.”> This
has led to their utilisation as core-shell POSS-poly(ethylene
glycol) nanoparticles for encapsulating insulin,"® and develop-
ment of POSS-peptide dendrimer nanoparticles, with dual tar-
geting and pH-sensitive capabilities, for anticancer therapy.'*

POSS nanocages have also been successfully integrated into
nanocomposites for tissue engineering applications,"”™ as
scaffolds within chitosan/Si-doped-nanohydroxyapatite-particles/
zein/POSS bilayers for osteochondral tissue regeneration,'® and
POSS-polysaccharide-polyphosphate hybrid hydrogels for cartilage
regeneration."® Furthermore, the distinct features of POSS nano-
cages have been incorporatedin biological applications including;
photodynamic treatment, bioimaging, and contrast agent admin-
istration, all owing to their tailorable functionality.>*>*

One possible strategy for functionalising POSS is through
the introduction of outreaching alkynes at each of their Si ver-
tices to facilitate “click” reactions with azide-modified second-
ary structures.® The Cu(i)-catalysed azide-alkyne cycloaddition
(CuAAC) reaction, or “click” chemistry, has drawn substantial

This journal is © The Royal Society of Chemistry 2024
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attention due to its high efficiency and consistent ability to
join molecular building blocks.>*"*® The capacity of alkyne-
modified POSS to undergo efficient and selective reactions
with azide-functionalised molecules makes it an attractive can-
didate for the construction of large hybrid molecules through
“click” chemistry, thereby allowing attachment of a range of
functional groups to create complex and versatile
materials.?”*® Jafari et al. (2023) used this strategy to syn-
thesise a hyperbranched dendrimer of polyglycerol with chole-
sterol termini while using Tg[N-propyl-hex-5-ynamide]g (“POSS-
alkyne”) as the central building block (“POSS-HPG@Chol”).>
This dendrimer was designed to hold eight HPG@Chol macro-
molecules, creating a large hybrid molecule for low toxicity
antimycotic drug development. However, a challenge was high-
lighted in attaining a complete reaction with all eight
HPG@Chol macromolecules, resulting in a hexamer
POSS-HPG@Chol rather than the desired octamer, as indicated
through the product’s molecular weight. This presents a par-
ticular challenge if the POSS nanocages are used to synthesise
large molecules for biological characterisation studies and
when full octa-branching is necessary for product functional-
ity/efficacy.

Common issues for any reaction between POSS nanocages
and large molecules include impurities and side reactions,
which are amplified when adding the arms to the nanocage
due to combinatorial affects. For example, if the overall com-
pleted “click” attachment of the macromolecule onto the
TgPOSS nanocage is of 97% yield, the 3% impurity leads to
circa. 84% of the fully-adorned octamer (8-mer), leaving 12.5%
of the octamer with one unmodified arm (7-mer), and 3.5% of
the octamer with two unmodified arms (6-mer), and so on. It
is often difficult to identify such impurities since they are
masked by the vast number of “clicked” arms, and, in general,
the only reliable method of assessing purity is matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) to detect the high molecular weights of the
multi-mer mixture. Separating octamers from partially-
“clicked” counterparts can be difficult due to their similar pro-
perties, especially when there are no distinguishable net
charges, functional groups, or discernible physicochemical
properties between the macromolecules for effective purification.

Here we investigate the “click” chemistry of model trimer-
peptides to TgPOSS to evaluate octamer yield. Specifically, the
“click” chemistry of alkyne-functionalised TsPOSS nanocages
(Tg[N-propyl-hex-5-ynamide]s) with azide-functionalised trigly-
cine- and trialanine-methyl ester is assessed to determine the
constraints of “clicking” trimer peptides around a central
POSS nanocage. We also examine methods of residual Cu cata-
lyst removal to reduce toxicity effects for future in vitro cell
studies.

2. Results and discussion

Triglycine and trialanine were chosen as trimer peptide
species for experimentation because they have the lowest
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masses of consecutive amino acid repeats (M, = 189.07 and
231.12, respectively), have no distinguishable net charge or
functional groups, and are suitable progressions from
single amino acid decoration, as previously demonstrated
by El Aziz et al. (2017).>® 6-Azidohexanoic acid was used
for N-terminus modification of triglycine methyl ester
hydrochloride (Scheme 1 (1a)) and trialanine methyl ester
hydroacetate (Scheme 1 (1b)) via solution phase peptide syn-
thesis coupling (Scheme 1 (2a/b)). Following purification
and characterisation, the azido-modified triglycine/tri-
alanine-methyl esters were “clicked” with Tg[N-propyl-hex-
5-ynamide]g (Scheme 1 (4)) through CuAAC conditions to
produce TgPOSS-[triglycine/trialanine methyl ester]g (Scheme 1,
(5a) and (5b)).

The synthesis and characterisation of the precursor
materials outlined in Scheme 1 can be found in the ESI (S1-
S32),f which confirms successful azido-modification of both
triglycine/trialanine methyl ester N-termini (ESI S1-S16%) and
confirms synthesis of Tg[N-propyl-hex-5-ynamide]s (4) (ESI
S17-524%).

The following results and discussion systematically
explores the effect of varying “click” reaction conditions on
the connection of the 6-azidohexanoyl-triglycine methyl ester
(2a) to the alkyne moieties on the Tg[N-propyl-hex-5-
ynamide]g (4). Firstly, the effect of catalyst concentration was
evaluated, followed by examination of the impact of tempera-
ture, time, and multi-stage “clicks” on the reaction outcomes.
This was followed by an evaluation of “clicking” 6-azidohexa-
noyl-trialanine methyl ester (2b) and (4). The results pre-
sented also reveal inadvertent reactions induced by the Cu
catalyst, including peptide hydrolysis and positional isomeri-
sation of alkynes.

TeF(CHs—NH, |, H,NR
(3) (1a, b)

16 eq l HOOC(CH,);C=CH N3(CH,)sCOOH t 5.0eq

T3+(CH2)3 —NHC(O)—(CH,);—C=CH e N3 —(CHa)5 —C(O)NHR

(4) (2a, b)
1.0eq | | 16 eq
CuSOy4 (upto 8 eq) | DMF, 25 °C
NaAsc (upto 8.8 eq) | upto 144 h
N—N
\
TgT(CH2)3—NHC(O)—(CH2)3 N N—(CH2)5s —C(O)NHR
8
(5a, b)

R = [CH,C(O)NH],CH,COOMe (a), [CHMeC(O)NH],CHMeCOOMe (b)

Scheme 1 Triglycine/trialanine methyl ester (1a/b) N-terminus modifi-
cation with 6-azidohexanoic acid to produce 6-azidohexanoyl-triglycine
methyl ester (2a), and 6-azidohexanoyl-trialanine methyl ester (2b).
Subsequent CuAAC “clicking” of Tg[N-propyl-hex-5-ynamide]g (4) and
6-azidohexanoyl-triglycine/trialanine methyl ester (2a/b) to form
TgPOSS-[triglycine/trialanine methyl esterlg (5a/b).

Nanoscale, 2024, 16, 14802-14812 | 14803


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01685h

Open Access Article. Published on 11 Juli 2024. Downloaded on 06.02.26 22:33:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2.1 Effect of CuSO, concentration on CuAAC “click” reactions
between (2a) and (4)

Previous studies have shown varying product yields when per-
forming CuAAC “click” reactions between peptides where
CuSO, concentrations at >4.0 eq., in relation to reactant
equivalents, yield >95%. This is in contrast to curtailed yields
when using lower catalyst concentrations.*°

Table 1 details the Cu concentrations investigated in this
study to assess the efficacy of “clicking” between (2a) and (4).
Condition A leads to a majority of octamer (8-mer) formation
after 72-h, as shown through MALDI-TOF MS analysis
(Fig. 1a), with its identified [8-mer + 2Na]**, Na]*, and K]"
adducts (m/z 2209.0, 4395.9 and 4411.9, respectively). This is
followed by a stepwise decrease in 7-/6-/5-/4-/3-/2-mers as
reflected in the intensities of their corresponding [n-mer +
Na]* adduct ions} (m/z 4053.8, 3710.6, 3368.4, 3025.3, 2684.1
and 2342.0, respectively). The absence of m/z 1634.4, and ana-
logous adducts, indicates the consumption of (4) through
“clicks” with one or more of (2a). Suspected exhaustion of
reduced Cu over the reaction time, through a visible reaction
colour change from a yellow suspension to a clear blue solu-
tion, results in failure to “click” compound (2a) further, and
therefore does not result in full 8-mer “clicks” of all available
POSS nanocages.

A 2-fold increase in the starting concentration of active
catalyst (Table 1 (B) and Fig. 1b) demonstrates a shift
towards “clicked” 8-mers, 7-mers and 6-mers ([n-mer + Na]'
m/z 4395.9, 4053.8 and 3710.6) with no detection of the
fewer-“clicked” species. An increase of [8-mer + Cu]" adduct
intensity (m/z 4435.9) within condition B, against that of
condition A, alongside a higher intensity of the [8-mer +
2Cu*" adduct (m/z 2249.5), suggests the 2-fold catalyst
increase also results in greater residual Cu(1)) complexing
within the triglycine methyl ester arms. This was also evi-
denced through an observable increase of dull-purple
colouration to the final product solid collected from con-
dition B to that of A.

Condition C (Fig. 1c) reveals a slight increase of intensity
for both the single and doubly charged 8-mers and 7-mers.
However, the 4-fold starting concentration of Cu leads to
higher [n-mer + 2Cu]** and Cu]" adduct intensities indicating
a high degree of complexed Cu(i) residue within the product
(m/z 2250.5 and 4436.0, 2079.9 and 4093.9 for 8-mers and
7-mers, respectively).

The addition of supplementary Cu after 48-h, conditions D
and E (Fig. 1d and e), causes no increase in 8-mer formation.
Instead, the 8-mers, 7-mers and 6-mers are observed alongside
a reintroduction of the 5-mer, suggesting another factor is pre-
venting full-“clicking” within 48-h.

{The MALDI-TOF MS m/z data discussed in this section states the generalised
[M + nX]" adduct ion for species identification, where; M = proposed molecular
formula; and X = proposed adduct, however, m/z for multiple species are dis-
cussed throughout. Therefore, adduct ion identifications of “[n-mer + nX]™
relate to the proposed molecular formulae of the corresponding multi-mer

species under description at the time of m/z identification.
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Table 1 CuSO, equivalents used to promote “click” reactions between
(2a) and (4)

Starting  Additional 8-mer 7-mer 6-mer

Condition  CuSO, CuSO, eq” yield yield yield
D eq” added at 48-h (%) (%) (%)

A 2 0 42 24 13

B 4 0 66 27 7

C 8 0 66 26 8

D 1 1 65 26 7

E 2 1 56 27 12

“CuSO, mole eq. is relative to one equivalent of (4) (1.0 eq.). Each
respective CuSO, eq. was initially stirred with 1.1 X eq of Na ascorbate
in H,O (3.0 mL), for Cu reduction, before addition of the suspension
to pre-dissolved (2a) & (4) in N,N-dimethylformamide.

4395.9
4053.8
@ 3710.6
3368.4
3025.3
2684.1 JL
2209.0
" i S
4395.9
(b)
4053.8
J 3710.6
2209.5
= 4395.9
>1 (
] 4053.8
8
E
o 2209 3710.6
£ .5
e i
4395.9
1 @ 4053.7
3710.6
2209.5 3368.4
i "
4395.8
(e) 4053.7
3710.5
2209.5 3368.4
e A

u U
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miz

Fig. 1 MALDI-TOF mass spectra at 72-h following “clicks” between (2a)
with (4) in contrasting CuSO,4 equivalents listed in Table 1 (A-E) (a—e),
respectively. Full spectra shown in ESI S35-S39.7

In short, a starting Cu(1) concentration of 4.0 eq. (Table 1
B) promotes the greatest production of fully-“clicked” 8-mer,
whilst maintaining lower Cu complexation in comparison to
levels observed for higher Cu concentration conditions.
Simply increasing the catalyst concentration or adding sup-
plementary Cu during the “click” reaction, does not increase
8-mer yield.

This journal is © The Royal Society of Chemistry 2024
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2.2 Effect of temperature on CuAAC “click” reactions between
(2a) and (4) with product formation over time

MALDI-TOF MS analysis of timed aliquots at 25 °C (Fig. 2a)
shows that the “click” between compound (2a) and (4) is a fast
process. Initially, Fig. 2a reveals only a small amount of
unreacted compound (4) within 2-h ([(4) + Na]" m/z 1656.7),
together with similar intensities of the 1-mer to 7-mer inter-
mediates (identified between [1-mer + Na]" m/z 1999.0 and [7-
mer + K] m/z 4071.0). The 8-mer represents 59% of the total
Na adduct intensity ([8-mer + Na]" m/z 4395.2), illustrating its
quick formation. At 5-h, the spectrum shows a greater number
of higher-“clicked” species; the 8-mer ([8-mer + Na]" m/z
4395.2), 7-mer ([7-mer + K]" m/z 4071.0) and 6-mer ([6-mer +
Na]" m/z 3710.7), at 69.89, 12.68 and 3.24% overall Na adduct
intensities, respectively. An increase of 8-mer is observed at
21-h with a 79.01% [8-mer + Na]" intensity, alongside a small
increase of 7-mer from 12.68% to 17.38%. Equivalent
MALDI-TOF mass spectra captured at 52-h and 144-h show no
significant increase of 8-mer formation beyond 21-h.

When reacted at 15 °C, rapid “clicks” between (2a) and (4)
are again observed within 5-h (Fig. 2b), where the 8-mers,
7-mers and 6-mers are present in comparable intensities to the
same timepoint at 25 °C, with a similar pattern again obtained
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Fig. 2 (a—c) MALDI-ToF mass spectra of multi-mer species [n-mer +
Nal* adduct intensities (relative percentages (%) of timed “clicks”
between (2a) and (4) using CuSO;, (4.0 eq.) and Na ascorbate (4.4 eq.) at
different temperatures: 25 °C aliquots at 2-, 5-, 21-, 52- and 144-h (a),
15 °C aliquots at 5- and 52-h (b), and 35 °C aliquots at 5- and 52-h (c)
(full spectra shown in ESI S40-S51+).
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after 52-h. Likewise, the “click” reaction performed at 35 °C
presents 8-mers, 7-mers and 6-mers at both 5-h and 52-h com-
parable to the 15 °C and 25 °C reaction conditions (Fig. 2c),
demonstrating no enhancement of 8-mer production when
“clicking” at a higher temperature.

When observing the full MALDI-TOF mass spectra (ESI
S40-S51%), and through the magnification of the 7-mer m/z
region (Fig. 3), unexpected peaks of significant intensity are
located at m/z 3937 ([n-mer + H]'), 3959 ([n-mer + Na]"), and
4002 ([n-mer + Cu]"), which can be attributed to the mass of
7-mer nanocages with a sole aminopropyl group at the 8™
vertex (“7-APG”). Similarly, adducts of identifiable intensity are
located at m/z circa. 3500, 3523 and 3540, matching that of
6-mer nanocages with an aminopropyl group at their 7" and
8™ vertex (ESI S40-S511). The initial analysis of Tg[N-propyl-
hex-5-ynamide]s (4) indicates high purity through ESI-MS,
FTIR, and NMR (ESI S20-S24%). It is therefore unlikely that
such by-products originated from impurities of the starting
material (4) and more likely that their presence indicates
degradation of the 8-mers and 7-mers and/or the loss of 5-hex-
ynoic acid(s) from (4) through Cu-assisted hydrolysis during
the “click” reaction, or possibly through fragmentation during
the MALDI-TOF MS process.

As previously reported, hydrolysis of glycylglycine, a glycine
dimer, can occur when added to solutions of Cu(u),*' so a
control of CuSO, (4 eq.) was stirred in N,N-dimethylformamide
(DMF) over 12-h with addition of only compound (2a). ESI-TOF
MS shows a peak introduction at m/z 147.07, relating to the
mass of diglycine methyl ester, and suggests hydrolysis may
also be degrading the trimeric glycine arms (ESI S527).

Additionally, HRAM nanoESI MS analysis of (5a) (Fig. 4 and
ESI S53-S557) reveals species corresponding to 8-mers with
missing 1, 2 and 3 x diglycine methyl esters located at m/z
1062.23 ([n-mer + 4H]*"), 1029.96 ([n-mer + 4H]*") and 1000.93
([n-mer + 3H + NH,4]""), respectively. The parent species of
these broken structures are identifiable under close inspection
of the previously illustrated MALDI-TOF mass spectra in Fig. 1,
particularly for those “clicked” with greater Cu concentrations,
further supporting the theory that hydrolysis is, to some

[7-mer+H/Na/K/Cu]*

[7-APG+H/Na/Cu]*
] \

3959.0
|

4001.9 4055.9

4030.9

__'.JM‘M wwu“ummilf“' i

3900 4000

4070.0

4093.9
3936.9

Relative Abundance

memm LT T "

4300

Mm

4100

m/z

4200

Fig. 3 MALDI-ToF mass spectra between m/z 3900 and 4300 showing
multi-mer species following 72-h of “clicking” between (2a) and (4),
using CuSOy, (4.0 eq.) and Na (4.4 eq.) (the full spectra of the example
shown in this figure is presented in ESI S467).
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Fig. 4 HRAM nanoESI MS analysis of (5a), identifying 8-mers with
missing 1, 2 and 3 x diglycine methyl esters at m/z 1062.23 ([n-mer +
4H]*"), 1029.96 ([n-mer + 4H]**) and 1000.93 (In-mer + 3H + NH,4]**)
(identified in red text).

extent, breaking down the trimeric peptide constituent of com-
pound (2a). Although there is evidence of arm degradation,
the species in question are at relatively low concentrations and
implies that there is another reason for the apparent 84% yield
limit on 8-mer production.

2.3 Effect of secondary and tertiary “click” reactions on (5a)

To account for possible Cu(i) exhaustion post-27-h, the
crude product (5a) was cleared of residual Cu (as detailed
in section 2.6) and dried before secondary and tertiary
“clicks” within the same Cu and Na ascorbate equivalents,
and with addition of fresh (2a) (16.0 eq.). No improvement
was made in the quantity of 8-mer produced, nor was there
a reduction of either the 7-mers or 6-mers (ESI S56 and
S57%). The addition of fresh Cu for each “click” reaction
seemingly catalysed the peptide hydrolysis rather than
increase the triazole formation at the remaining alkyne
terminals of the 7-mers and 6-mers as intended. This is evi-
denced by the increasing intensities of lower molecular
weight species at m/z < 1945.0 for both samples which were
“clicked” two or three times.

2.4 Individual control “click” reactions using (5a) and (4)

To overcome possible steric hindrance from the bulky trimer
arms obstructing the last terminal alkyne positions of the
7-mers and 6-mers, secondary “click” reactions were per-
formed with the addition of 1-azidohexane (16.0 eq.) to a
sample of pre-“clicked” (5a). This was tested to see whether
the remaining alkynes could be accessed using a smaller, and
less bulky, azido-compound.

24-h into the reaction MALDI-TOF MS analysis indicates the
presence of 6-mers with their 7" and 8™ positions adorned
with hexyltriazole (“6-HEX”) through a slight shoulder located
either side of the previously identified [7-APG + Na]" peak (m/z
3959.0, Fig. 5a) with [6-HEX + H]" and Na]" at m/z 3949.9 and
3965.9 (Fig. 5b and ESI S59%). 7-mers adorned with hexyltria-
zole at their 8™ position (“7-HEX”) can be identified through
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Fig. 5 MALDI-ToF mass spectra between m/z 3900 and 4300 showing
multi-mer species following 72-h of “clicking” between (2a) and (4),
using 4.0 eq. CuSO4 and 4.4 eq. Na (a). After washing, the sample was
“clicked” again with an addition of 1-azidohexane (16 eq.) in substitute
of (2a), to assess final alkyne accessibility. MALDI-ToF mass spectra are
presented of reactions taken at 24-h into this secondary “click” between
crude (5a) with 1-azidohexane (b), and 144-h into secondary “clicks”
between crude (5a) with 1l-azidohexane (c). (The full spectra of the
examples shown in this figure are presented in ESI S58-562.1).

[7-HEX + H]", Na]', and Cu]" at m/z 4154.9, 4180.9 and 4221.9,
respectively, which are not observed in the starting material
(Fig. 5a). At 144-h no significant increase of these species is
measured and the majority of 7-mers and 6-mers remain
unchanged (Fig. 5c and ESI S627). This experiment demon-
strates the steric hindrance of the triglycine methyl esters can
be overcome, however, the completion of full octa-“clicking” to
16% of the nanocages remains limited.

Transition metals such as Rh, Pd, and the “coinage metals”
Cu, Ag and Au, have previously been reported to facilitate
alkyne isomerisation into dienes and metal-vinylidenes in
numerous reaction systems.’’*” To examine the catalyst’s
effect on the terminal alkyne arms of the TgPOSS-[alkyne]g,
samples of (4) were individually stirred in DMF containing
either unreduced CuSO,, or reduced Cu(i) (through addition of
Na ascorbate). In both cases, the '"H NMR spectrum reveals the
addition of a singlet at 1.24 ppm (ESI S63t), and >*C NMR
shows a peak appearance at 15.64 ppm (ESI S647t), which may
indicate methyl formation from catalyst-induced positional
alkyne isomerisation, alongside a peak appearance at
65.39 ppm also suggesting possible positional relocation of
the terminal alkyne.

ESI-QTOF MS analysis of (4) following addition of either
Cu(u) or Cu(1) shows no additional masses attributable to the
parent molecule and its related adducts, suggesting no degra-

This journal is © The Royal Society of Chemistry 2024
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dation of the alkynes has occurred through either semi- or
full-hydrogenation (ESI S66(b and c)t). The presence of Cu(1)
and oxidised ascorbate at the start of the “click” reaction may
facilitate similar isomerisation to that reported in
literature,**” and render a small proportion of the TzPOSS-
[alkyne]s arms unreactive or unavailable for “click” reactions.
This also possibly links to the observations found in sections
2.2 and 2.3, where supplementary Cu, secondary clicks and ter-
tiary clicks were unable to increase 8-mer production, particu-
larly when long “clicking” durations may be enabling increas-
ing alkyne isomerisation.

2.5 CuAAC “click” reactions between (2b) and (4)

As a complementary investigation, trialanine methyl ester was
selected as a suitable trimer for inducing greater steric hin-
drance, through the introduction of three methyl constituents
to the trimer backbone. As illustrated in Scheme 1, trialanine
methyl ester acetate (1b) was N-terminus azido-modified using
6-azidohexanoic acid, to produce 6-azidohexanoyl-trialanine
methyl ester (2b).

MALDI-TOF MS analysis reveals the “clicking” of (2b) with
(4) is a slower process compared to that of (2a) with (4) (Fig. 6b
and ESI S67-S717). The “click” at 2-h shows the predominant
species is unreacted (4) through its [(4) + Na]' and Cu]
adducts (m/z = 1656.8 and 1702.7). Similar 1-mer and 2-mer
intensities are observed against the 7-mer and 8-mers, with a
dip in 4-mer to 6-mer intensities. This 2-h timepoint suggests
the 8-mer has formed in greater quantity than the 7-mer
which, in turn, has formed in greater quantity than the 6-mer,
and so on. However, through the ToF process, the ease of
flight for the lower mass species ((4), 1-mer and 2-mer)
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Fig. 6 MALDI-ToF mass spectra of multi-mer species [n-mer + Na]*
adduct intensities (relative percentages (%)) of timed “clicks” using 4.0
eqg. CuSO4 and 4.4 eq. Na ascorbate at at 2, 5, 21, 52 and 144 h between
(2a) and (4) (a) (full spectra shown in ESI S40-S477), and between (2b)
and (4) (b). (Full spectra shown in ESI S67-S71.1)
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produce higher intensities to that of the higher mass species
(6-mer, 7-mer and 8-mer).***' The higher concentrations of
6-mer, 7-mer and 8-mer versus the higher intensities of lower
molecular weight species results in two competing trends and
thereby leads to the observed inverted bell curve of the relative
MALDI-TOF mass spectra at 2-h and 5-h (Fig. 6b and ESI S67
and S687).

The “clicks” between (2a) and (4) were effectively halted at
21-h for the 6-mer to 8-mer products (Fig. 6a), however,
“clicks” between (2b) and (4) were hated at the later 52-h time-
point and includes a small percentage of 5-mer species
(Fig. 6b and ESI S707).

This indicates that increased steric hindrance through the
additional methyl groups of (2b) slows the “click” reaction
between the trimer and POSS nanocage, such that the catalyst-
induced alkyne isomerisation/diene formation has more time
to act, giving rise to more of the 5-mer, 6-mer and 7-mer in the
final mixture. Additionally, the difference in the final profile of
(5b) compared to (5a) confirms that this does not result from
the presence of impure (4).

To assess if octamer yields might be further increased
whilst maintaining reduced Cu(r) conditions, a serial “click”
reaction was explored where reduced Cu (4.0 eq.) was initially
added alongside an increased amount of Na ascorbate (8.0
eq.) to pre-“clicked” individual samples of (5a) (with addition
of fresh (2a) (16.0 eq.)), and (5b) (with addition of fresh (2b)
(16.0 eq.)). Residual Cu from both pre-“clicked” samples had
been removed, as described in section 2.6, prior to the experi-
ment. Sequential additions of Na ascorbate (8.0 eq.), or
reduced Cu (4.0 eq.) + Na ascorbate (8.0 eq.), were then intro-
duced to the reaction solutions every 24-h over the course of
several days.

Similar to the observations detailed within sections 2.2 to
2.4, the resulting MALDI-TOF MS analysis shows negligible
increases of 8-mer intensities in both “clicks” of (2a) with (5a),
and (2b), with (5b) (ESI S72 and S73,7} respectively), indicating
an 8-mer formation limit was reached during the initial “click”
reactions of the samples. Furthermore, degradation of all
multi-mer species was increasingly observed between both
“clicks” post 24-h, which is a likely consequence of peptide
hydrolysis facilitated by the supplemented Cu (ESI S74 and
S75%).

These control experiments indicate CuAAC “clicking” of
multiple trimer macromolecules on to TgPOSS encounters
multi-faceted inhibition. Steric hindrance to the 7™ and 8™
vertices slows down their final “clicks”, whilst providing time
for induced alkyne isomerisation/diene formation to inhibit
the “click” positions further. Such time frames have shown to
allow for the previously "clicked" trimers to undergo hydro-
lysis, with the potential for further hydrolysis of the POSS-
propyl-hexamide-R arm constituents resulting in 3-aminopro-
pyl moieties at the Si vertices.

2.6 Removal of Cu from compounds (5a) and (5b)

Regulatory body guidelines (The European Medicines Agency
and Committee for Medical Products for Human Use) stipu-
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late daily oral and parenteral Cu exposures of less than
250.0 ppm and 25.0 ppm, respectively, to avoid toxicity
issues related to Cu poisoning, such as acute kidney injury
and gastrointestinal ulceration.*>** In the case of biomater-
ials this threshold is further limited to 3.0 ppm to avoid
overexposure to free residual Cu and a buildup of cyto-
toxicity in vivo.**

Following the production of (5a) and (5b), it is evident that
residual Cu is retained within the crude products either as a
Cu-trimer complex or in Cu salt form. This was confirmed
through EDS analysis with identifiable Cu peaks measured for
CuLa, CuKa and CuK§p at circa. 0.94, 8.04 and 8.91 keV, respect-
ively, (ESI Tables S1 and S27). Therefore, crude samples of (5a)
and (5b) were individually processed through ethylenediami-
netetraacetic acid (EDTA)-modified Amberlite® columns to
assess Cu removal.

Five sequential passages through the columns resulted in
96% and 99% total removal of residual Cu from (5a) and (5b),
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Fig. 7 ICP-OES measurement of residual Cu concentration (ppm) in

crude products (5a) and (5b), with subsequent Cu concentrations fol-
lowing passage through EDTA-modified Amberlite® columns (a).
Starting Cu and Na concentrations, alongside final concentrations fol-
lowing 7 X dissolution media changes during dialysis for product (5a) (b)
and product (5b) (c).
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respectively, leaving sub-ppm Cu levels below the 3.0 ppm
threshold (Fig. 7a).

Ion-exchange = EDTA-modified  Amberlite®  columns
exchange EDTA-complexed Na cations with Cu cations from
the POSS-trimer, resulting in Na-loaded POSS-trimer products.
Following the 5" sequential purification through the EDTA
column, ICP-OES revealed Na concentrations were approaching
that of the initial Cu concentrations prior to EDTA column
passage for both (5a) and (5b), at Na = 5.19 ppm and
4.03 ppm, respectively (ESI S761). To remove both Na and Cu
cations, SnakeSkin™ dialysis tubing (3.5K molecular weight
cut-off (MWCO), Thermo Scientific™, UK) was used instead
for (5a) and (5b) which included several dissolution medium
changes.

ICP-OES analysis found 86% and 84% of residual Cu and
Na, respectively, was removed from product (5a) (Fig. 7b),
whereas 97% and 85% of residual Cu and Na was removed
from product (5b) (Fig. 7c), demonstrating dialysis as an
effective method, albeit a procedure requiring additional steps
and longer time frames for the removal of multiple cationic
species from the product.

3. Conclusion

The attachment of azido-modified triglycine methyl ester
peptide through CuAAC “clicks” onto a central POSS nanoc-
age is a relatively fast reaction, with most TgPOSS-[triglycine
methyl ester]s formation observed in the initial hours of the
reaction. However, it becomes increasingly difficult to
surpass 84% of 8-mer production post 27 hours, with decreas-
ing catalytic efficacy, steric hindrance and catalyst-induced
alkyne isomerisation being possible competing influences.
The study has further shown increased Cu catalyst concen-
tration and longer reaction times alone fail to advance 8-mer
production beyond the 84% value, but rather increase the
possibility of hydrolysis to the existing arms. Future work will
focus on speeding up the click reaction such that isomerisa-
tion and hydrolysis are no longer competing side reactions.
Reduction of residual Cu from the crude product was
achieved to sub-ppm levels by combining EDTA-column fil-
tration and dialysis, thereby providing viable purification
methods for post-click catalyst removal. The decorated POSS
assembly route described in this work offers new ways for
promoting peptide-nanocage attachment and demonstrates
possibilities for synthesising larger macromolecules with
similar architectures.

Further to the studies detailed here, we are already “click-
ing” longer peptide sequences of 9 to 12 amino acids in
length, which are known to elicit biological responses, and
which show promise for therapeutic application. The for-
mation of these structures during their “clicking” with TgPOSS
closely resembles that found with triglycine- and trialanine
methyl ester trimers. However, these compounds exhibit a
diverse array of intriguing characteristics, namely through the
different amino acid side chains offering possibilities for sep-
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aration and purification, which will be the focus of subsequent
research.

4. Experimental
4.1 Materials

All chemicals, unless stated otherwise, were purchased from
Alfa Aesar (MA, USA), Bachem AG (Bubendorf, Switzerland),
Sigma Aldrich (MO, USA) and Thermo Fisher Scientific
(MA, USA). All chemicals were used without further purifi-
cation. All H,O used was deionised and ultrapure (ultra-pur-
ified to BS EN ISO 3696 Grade 1 through SUEZ Select
Neptune Ultimate, SUEZ Water Technologies & Solutions
(PA, USA)).

4.2 Measurements

NMR spectra were recorded as solutions in dimethyl sulfoxide-
de (DMSO-dg) and/or 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
on a Bruker Ascend™ 400 (/ values are given in Hz).
MALDI-TOF mass spectra from NMSF were performed on a
Bruker ultrafleXtreme MALDI-TOF/TOF using alpha-cyano
hydroxycinnamic acid (CHCA) as a matrix and HFIP:DCM
(3:7) as the solvent. ESI-MS was performed on a Thermo
Scientific LTQ XL using H,O : MeCN (4: 1) as a sample solvent
and a H,O:MeCN (90:10) mobile phase. QTOF MS was per-
formed on an Agilent 6545 QTOF using H,O: MeCN (4:1) as a
sample solvent and a H,O : MeCN (90:10) mobile phase. The
HRAM nano-ESI-MS data from NMSF was carried out on an
Advion Triversa NanoMate with Thermo Scientific LTQ
Orbitrap XL; each sample was solvated in HFIP, then an
aliquot of 1.0 pl taken and diluted 1:1000 in MeOH with
30 mM NH,OAc for analysis. FTIR spectra were recorded using
a Thermo Nicolet Nexus 670 spectrometer and a Specac®
Golden Gate diamond ATR. Inductively coupled plasma-optical
emission spectra (ICP-OES) were obtained using an Agilent
5110 ICP-OES with ICP calibrations to ppb and ppm levels in
different runs using synthetic, matrix matched standards. EDS
measurements were made using a ZEISS Crossbeam FIB-SEM
with an Oxford Instrument Ultim® Max EDS detector. Data
processing was performed within Microsoft Excel. All
MALDI-TOF MS data was normalised when comparing relative
intensities. Graphical figures were produced using GraphPad
Prism9.

4.3 Synthesis of triglycine methyl ester (1a)

Esterification of triglycine was achieved by adapting the
method of Li and Sha (2008).*° Triglycine (53.0 mmol,
1.0 g) was added to anhydrous MeOH (5.5 mL) in a round
bottom flask (RBF) and gently stirred. Chlorotrimethylsilane
(10.6 mmol, 1.15 g) was then added dropwise to the sus-
pension and the resulting mixture was stirred at 25 °C for
24-h until esterification was seen as complete via ESI-MS
monitoring (m/z 204.08). The reaction mixture was then
concentrated on a rotary evaporator to afford the dry
product of triglycine methyl ester hydrochloride (1a), as
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a white solid. Chemical characterisation is detailed in ESI
S1-S4.F

4.4 Synthesis of 6-azidohexanoyl-triglycine methyl ester (2a)
and 6-azidohexanoyl-trialanine methyl ester (2b)

Stock solutions of 6-azidohexanoic acid (0.2 M), O-(7-aza-1H-
benzotriazol-1-yl1)-N,N,N',N'-tetramethyluronium hexafluoro-
phosphate (HATU) (0.2 M) and N,N-diisopropylethylamine
(DIPEA) (2.0 M) were individually prepared in anhydrous DMF
before adding to a RBF in a 5.26:5:1 ratio, resulting in a
93.46 mM 6-azidohexanoic acid solution, and stirred for
5 minutes at 25 °C. Upon addition of the DIPEA solution, the
mixture turned from clear to a translucent dull yellow. After
5 minutes of stirring, the translucent yellow colour of the
mixture lightened to a transparent bright yellow. Triglycine
methyl ester hydrochloride (1a), or trialanine methyl ester
acetate (1b), (18.69 mM each - compound (1a) to synthesise
compound (2a), or compound (1b) to synthesise compound
(2b)) was then added to the coupling mixture and left to stir
for 24-h at 25 °C.

Completion of the reaction was confirmed by ESI-MS (m/z =
343.17 (2a), 385.21 (2b)) and "H NMR after 24-h. No visible
changes were observed during the reaction time.

Ice cold diethyl ether (8.0 eq. by volume) was then added to
precipitate the product and the suspension was slowly stirred
for 5 minutes over an ice bath. The suspension was then fil-
tered to remove DMF filtrate containing unreacted reagents.
The solid yellow residue was then re-suspended in clean DMF
and fully dissolved before a second precipitation with ice cold
diethyl ether (8.0 eq. by volume) and filtration. The white
product was then washed with hexane (10.0 mL) and EtOH
(10.0 mL), three times each, before concentration on a rotary
evaporator to afford the desired dry product (5a) or (5b), both
as white solids.

(5a) - yield: 87%, ESI-MS: calculated (M + H)/z: 343.36,
found: (M + H)/z: 343.17, anal. caled for C;3H,,N¢Os: C, 45.61;
N, 24.55, found C, 45.55; N, 24.05 (ESI S5-S10%).

(5b) - yield: 76%, ESI-MS: calculated (M + H)/z: 385.44,
found: (M + H)/z: 385.17, anal. caled for C;H,gN¢Os: C, 49.99;
N, 21.86, found C, 50.16; N, 22.31 (ESI S11-S167).

4.5 Synthesis of Tg[3-aminopropyl]s

Tg[3-aminopropyl]s was prepared as previously detailed by
Szafert and Janeta (2017).*® Yield: 87%. Chemical characteris-
ation is detailed in ESI S17-S20.7

4.6 Synthesis of Tg[N-propyl-hex-5-ynamide]s (4)

Tg[N-propyl-hex-5-ynamide]gs was prepared as previously
detailed by El Aziz et al. (2017).>* Yield: 84%. Chemical charac-
terisation is detailed in ESI S21-S24.}

4.7 Synthesis of POSS-triglycine/trialanine methyl ester
nanocages through CuAAC click reaction (5a)/(5b)

Compounds (2a), or (2b), (2.52 mmol, 16.0 eq., M, = 342.36/
384.21) and compound (4) (257.8 mg, 0.16 mmol, 1 eq., M, =
1634.4) were individually dissolved in 100.0 and 150.0 mL,
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respectively, of DMF The two solutions were combined ((2a)
with (4), or (2b) with (4)), and the mixture purged with N, for
30 minutes whilst stirring.

A solution of CuSO, (159.8 mg, 0.64 mmol, 4 eq., M, =
249.68) was prepared in deionised H,O (3.0 mL) resulting in
a deep blue colour. Na ascorbate (139.5 mg, 0.70 mmol, 4.4
eq., M; = 198.11) was added to the CuSO, stock solution as a
reducing agent, turning the solution into a milky suspen-
sion of light brown colour. 3.0 ml of the suspension was
then added to the N, purged trimer/POSS mixture. The reac-
tion mixture was sealed and left stirring for 72-h, at 25 °C
and under N,. The reaction was stopped by precipitation in
ice cold Et,O (8 x excess by volume). The precipitate was
then filtered and washed with Et,0, acetone and MeOH (3 x
washes each). The resulting product was concentrated from
acetone using a rotary evaporator to afford a dry crystalline
solid. N.B. The experiments of varying Cu catalyst concen-
trations detailed in this article resulted in different product
colourations. Compound (5a) was a brown crystalline solid
when precipitated from click reactions of low Cu concen-
tration but progressively turned dull-purple at higher Cu
concentrations (this was also true for experiments where
supplementary Cu was added to the reaction mixture).
Compound (5b) was a turquoise crystalline solid at low Cu
concentrations but progressively darker emerald green at
higher Cu concentrations.

(5a) - yield: 84% of 8-mer structures, 97% of overall click
reactions. Chemical characterisation is detailed in ESI S25-
S28.%

(5b) - yield: 68% of 8-mer structures, 92% of overall
click reactions. Chemical characterisation is detailed in ESI
$29-832.F

4.8 Synthesis of 1-azidohexane

The synthesis of 1-azidohexane was carried out as reported by
Brown et al. (1957).*” Yield: 86%. Chemical characterisation is
detailed in ESI S33 and S34.F

4.9 EDTA-modified Aberlite® column

The EDTA-modified Aberlite® column was produced as per
Ali et al (2013), with the following modifications.*®
Amberlite® IRA-400 resin (Cl form) (5.0 g) was placed in a
500 mL disodium EDTA solution (0.05 M), at pH 6.0, and
slowly stirred for 24-h. The resin was then loaded into a
solid phase extraction column (25.0 mL capacity), excess
reagent was removed by washing the resin with deionised
H,O and finally the resin was dried under N,. Crude
samples of (5a) and (5b) were individually dissolved in
25.0 mL HFIP (6.0 mg mL™") and passed through the EDTA
column. The collected eluent was then passed through the
EDTA column four more times (five passages total) before
collection and evaporation of the solvent using a rotary
evaporator. The resulting dry compound (5a) was an off-
white powder, and the resulting dry product of compound
(5b) was a very pale green powder.
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4.10 Dialysis of (5a) and (5b) for Cu and Na cation removal

Crude samples of (5a) and (5b) were individually suspended in
deionised H,O (0.18 mg mL™", 10 mL), the suspensions then
being inserted into the centre of individual SnakeSkin™ dialy-
sis tubes (30 cm length), ensuring the dialysis tubing was
securely tied at each end to trap the suspension within. The
loaded dialysis tubing was then submersed into a one-litre
bottle containing deionised H,O (1.0 L) ensuring the sections
of dialysis tubing housing the sample suspensions were fully
submerged. The dialysis tubing was submerged for 12-h in
deionised H,O before decanting of the dissolution medium
and replacing with fresh deionised water. Six subsequent deio-
nised water changes were made every 12-h thereafter (seven
submersions in total). After the 7 submersion, the dialysis
tubing was removed and cut open to collect the internal
sample suspension which was then dried under high vacuum
to remove the water to afford a dry compound (5a), as an off-
white powder, or dry compound (5b), as a very pale green
powder. The samples were then analysed for Cu and Na con-
centrations via ICP-OES and ICP-MS.
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