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Nanogels are very promising carriers for nanomedicine, as they can be prepared in the favorable nanometer

size regime, can be functionalized with targeting agents and are responsive to stimuli, i.e. temperature and

pH. This induces shrinking or swelling, resulting in controlled release of a therapeutic cargo. Our interest lies

in the controlled synthesis of functional nanogels, such as those containing epoxide moieties, that can be

subsequently functionalized. Co-polymerization of glycidyl methacrylate and a bifunctional methacrylate

crosslinker under dilute conditions gives rise to well-defined epoxide-functional nanogels, of which the

sizes are controlled by the degree of polymerization. Nanogels with well-defined sizes (polydispersity of

0.2) ranging from 38 nm to 95 nm were prepared by means of controlled radical polymerization. The

nanogels were characterized in detail by FT-IR, DLS, size exclusion chromatography, NMR spectroscopy,

AFM and TEM. Nucleophilic attack with functional thiols or amines on the least hindered carbon of the

epoxide provides water-soluble nanogels, without altering the backbone structure, while reaction with

sodium azide provides handles for further functionalization via click chemistry.
1. Introduction

The emergence of nanomedicine brought about personalized
medicine by combining nanotechnology and medicine.1,2 The
eld of theranostics applies nano-sized macromolecules to
combine controlled administration of therapeutic drugs with
diagnostics.3 Polymer nanoparticles are particularly interesting
to this end as their physical properties, structure and compo-
sition can be controlled.4 These nanoparticles are readily
rendered hydrophilic and biocompatible, and can be designed
to encapsulate and release therapeutics.5 Polymer nanoparticles
such as nano-sized hydrogels, also coined nanogels – are
crosslinked, spherical, three-dimensional so materials that
are highly modular in nature. Nanogels displaying high water
content, large surface area, high loading capacity, internal
network, good stability in biological uids and responsiveness
to external stimuli.6–8 Desirable properties such as biodegrad-
ability, blood compatibility and amphiphilicity can be built
in.9,10 The size, surface charge, porosity, soness and density
can be tuned. As such nanogels have found use in tissue engi-
neering,7,11,12 vaccines, cancer treatment,13–16 bioimaging,17,18
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antifouling,19,20 ophthalmic diseases,21 biosensing,18,22–28 pain
management,29 and nucleic acid delivery systems.

There are several ways to synthesize nanogels, such as
emulsion polymerization, precipitation polymerization,30,31

inverse nanoprecipitation,32,33 self-assembly9 and template
assisted polymerization.34 To achieve optimal cellular uptake
and biodistribution, nanoparticles should be between 10 –

100 nm in diameter.35,36 Others have succeeded in forming
nanogels of well-dened uniform size.37 However their strate-
gies either require multiple steps to form nanogels,38–40 surfac-
tants41,42 or produce a single size per reaction performed.43

Controlled crosslinking polymerization methods with multi-
functional monomers provide excellent control over the
resulting nanogels, as reaction conditions such as reaction time
and monomer concentration determine the size of the nano-
gel.44 Controlled radical polymerization techniques, such as
ATRP and RAFT slow the reaction rate to promote the formation
of uniform particles.45,46 These strategies, that provide easy
access to well-dened polymeric nanoparticles with uniform
composition over the entire 10–200 nm size regime, have been
reported for core–shell nanogels and hyperbranched poly-
mers47,48 but not for nanogels. Good control over nanogel size is
highly desirable in biomedical applications as it determines
ease of endosomal escape.49–51

Cellular uptake and biodistribution behavior of nanogels is
strongly affected by the type of surface functionality.5 Factors
such as polarity and surface charge determine the hydrophi-
licity of the nanogel as well as its circulation in blood.52 Other
structural properties such as useful functional groups aid the
RSC Adv., 2022, 12, 29423–29432 | 29423
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Fig. 1 Hydrodynamic diameter of GMA-EGDMA NGs as a function of
monomer conversion. Inset: GMA-EGDMA in 1,4-dioxane solution
(left). Size exclusion chromatography traces of GMA-EGDMA NGs at
increasing monomer conversion (right).
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attachment of targeting molecules and contrast agents.53

Synthesizing nanogels with built in handles provides a versatile
template able to be modied to functional nanogels, such as
vaccine transport vehicles.6,54 Epoxides are highly reactive
groups resulting from the three-membered ring with high ring
strain.55 As such epoxides readily undergo ring–opening reac-
tions with a wide array of nucleophiles.56

In this work, we describe the development of uniquely sized
epoxide-functional precursor nanogels via controlled cross-
linking polymerization. In a subsequent post-formation step,
the epoxide moieties are functionalized with various amines,
azides and thiols, as well as hydrolyzed to the corresponding
diol. This provides a platform for the formation of versatile
functional nanogels as carriers.
2. Results and discussion
2.1 Synthesis of GMA-EGDMA nanogels

GMA-EGDMA nanogels (NGs) were prepared by RAFT copoly-
merization of glycidyl methacrylate (GMA) and ethylene glycol
dimethacrylate (EGDMA) in a 3 : 1 mole ratio under dilute
conditions (5 wt%)(Scheme 1).

Monomer conversion was determined by 1H NMR spectros-
copy, by integrating the characteristic signals of the alkene
groups located at d ¼ 6.1 and 5.7 ppm. NG size was determined
by dynamic light scattering (DLS). Fig. 1 shows the NG diameter
as a function of conversion, revealing gradual NG growth. All
NGs had a PDI of 0.2. Branching and pre-NG clusters are formed
starting from 0% conversion up to 20% (for this particular
system). Aerwards well-dened NGs are formed that continue
growing while maintaining narrow dispersity.57 Eventually
stagnation in particle size occurs at higher monomer conver-
sions, followed by the formation of a macrogel. Four represen-
tative samples were prepared and studied with 21, 26, 42 and
47% conversion, respectively, labeled GMA-EGDMA-21 and so
on. Size exclusion chromatography (SEC) analysis on GMA-
EGDMA NGs revealed broad size distributions that shi to
shorter elution times with increasing monomer conversion.
Due to the branches and crosslinks in the prepared NGs, the
elution times cannot be related to linear polymer standards.
Moreover, although the exclusion limit of the employed SEC
column is over 4 � 107 g mol−1, the shape of the distribution
indicates that the NGs surpass the exclusion limits.

The morphologies of GMA-EGDMA NGs were further
analyzed by microscopy techniques. The TEM and AFM images
of GMA-EGDMA-47 is highlighted below in Fig. 2 analysis of the
TEM image gave a mean diameter of 17 nm. AFM indicated
Scheme 1 The RAFT polymerization of EGDMA with GMA forming
GMA-EGDMA nanogels.

29424 | RSC Adv., 2022, 12, 29423–29432
a mean diameter of 20 nm and a mean particle height of 3 nm.
These results combined the with DLS data in Fig. 1 demonstrate
the malleability and responsiveness of the synthesized NGs.
These NGs swell in solution becoming spherical in shape (DLS).
Once casted onto a surface and dried, the NGs atten out and
take up a disc-like shape.58 This phenomenon is observed both
at ambient pressure (AFM) as well as under vacuum (TEM).

1H NMR spectroscopy on GMA-EGDMA NG, reveals charac-
teristic signals corresponding to the epoxide moieties, from
which a concentration of residual methacrylates of 1.10 mmol
g−1 is calculated. Comparison of the signals at d ¼ 4.3 ppm (4H
from EGDMA and 1H from GMA) to those at d ¼ 3.8 ppm (1H
from GMA), gives an EGDMA:GMA incorporation ratio of
approximately 1 : 3, which is in accordance with the feed
ratio(Fig. 3).

NG formation also proceeds as described above in the
presence of a third monomer. In the case of a monomer with
a methacrylate functionality such as DMAEMA, it will be cova-
lently incorporated into the NG structure. As known from the
literature, NGs and other nanoparticles oen encounter
stability issues, resulting in aggregation.59 Particles with reac-
tive groups tend to crosslink, while dried solid particles may no
longer be redispersed. To assess the stability of the NGs formed,
DLS measurements were repeated over time. The dried NGs
were readily dissolved in various organic solvents (DMF, DMSO,
1,4-dioxane, CHCl3, DCM, acetone) and DLS analysis did not
show signs of degradation or decomposition (no changes in
Fig. 2 TEM image of GMA-EGDMA NG (on the left) displaying round
particles with a mean diameter of 17 nm. AFM image (on the right)
likewise indicates the formation of round, disc-like particles with
a mean diameter of 20 nm and a mean height of 4 nm. The scale bars
are 50 nm and 200 nm for TEM and AFM, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 1H NMR spectroscopy of a representativeGMA-EGDMA sample
at 29%monomer conversion, with characteristic epoxide signals at d¼
3.2 ppm, 2.8 ppm and 2.7 ppm in DMSO-d6.
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hydrodynamic diameter or PDI) even aer storing for 6 months
at room temperature in dried state.
2.2 Functionalization of GMA-EGDMA nanogels

Having demonstrated the controllability and robustness of this
system we proceeded to functionalization of the epoxide moiety
by exploiting its reactivity and ring strain to demonstrate the
versatility of these NGs.60 All functionalizations and reactions
mentioned hereaer were done on GMA-EGDMA NG of which
the remaining methacrylates were quenched with excess AIBN.
The hydrodynamic particle diameter of these NGs was 41 nm as
determined by DLS in 1,4-dioxane(Scheme 2).

The epoxide moieties on the NGs were hydrolyzed in order to
render the NGs water-soluble. Reaction with excess TFA and
water at room temperature resulted in GMA-EGDMA-OH NG. 1H
NMR spectroscopy no longer displayed the characteristic
epoxide signals, indicating complete conversion, while new
signals at d¼ 4.7 and d¼ 4.9 ppm are in agreement with alcohol
groups on the hydrolyzed epoxide. However, the solubility of
GMA-EGDMA-OH NG in water remained limited. Foaming is
observed, indicating solvation in water. However, even at
concentrations as low as 0.12 mg mL−1 some sedimentation
was observed. We suspect that there are two reasons for this
phenomenon. Weaver and coworkers demonstrated that degree
of polymerization (DP) plays a signicant role in water-solubility
Scheme 2 Functionalization of GMA-EGDMA NG through acid cata-
lyzed epoxide ring opening, ring opening with sodium azide or tertiary
amines, and ring opening with functional thiols.

© 2022 The Author(s). Published by the Royal Society of Chemistry
of HEMA homopolymers bearing pendant hydroxyl groups like
GMA-EGDMA-OH.61 The DP of the sedimented GMA-EGDMA-
OH particles was likely too high rendering these NGs insoluble
in water. Likewise, the ratio between the hydrophilic hydroxyl
groups and the hydrophobic crosslinker and backbone of the
sedimented NGs is too low to properly solvate these NGs. The
variations in solubility indicate the formation of slightly
different NG particles. Those NGs containing a higher ratio of
epoxide moieties and thus more hydroxyl groups aer hydro-
lysis are water-soluble, whereas those with fewer epoxide groups
remain insoluble in water aer hydrolysis. Likewise, GMA-
EGDMA-OH NGs with a lower DP are water-soluble. DLS
measurements in DMF gave a particle diameter of 104 nm. Such
a signicant increase in size is expected for a more polar NG in
a polar solvent with intrinsic swelling abilities. The increase in
PDI further suggests the formation of slightly different parti-
cles. Various amounts of epoxide moieties and thus hydroxide
groups aer hydrolysis, mean varying amounts of swelling,
resulting in a variety of GMA-EGDMA-OH particle sizes and thus
an increase in PDI(Fig. 4).

Khan and coworkers have extensively researched the
opening of epoxides with thiols, utilizing LiOH as a catalyst.62–66

To further probe the water-solubility of these NGs, the choice
was made for 1-thioglycerol as the thiol reagent, forming GMA-
EGDMA-THGNG. Stoichiometric amounts of LiOH were needed
to achieve full conversion. 1H NMR spectroscopy indicates
complete conversion and a successful reaction. DLS measure-
ments in DMSO gave a Z-average of 67 nm. Despite full conju-
gation of 1-thioglycerol onto the epoxide moieties, the resulting
NG did not become appreciably water-soluble. We suspect that
the ratio between the alcohol groups and the hydrophobic
EGDMA crosslinker and methacrylate-based polymer backbone
is too low to achieve (complete) water-solubility.

Alternatively, water-solubility can be achieved by introducing
charge. GMA-EGDMA-Boc NG was synthesized as 2-(Boc-amino)
ethanethiol has a recognizable signal on 1H NMR spectroscopy
as well as the added benet of becoming water-soluble upon
deprotection. 1H NMR spectroscopy of GMA-EGDMA-Boc NG
indicates complete conversion. DLS measurements in DCM
gave a Z-average of 75 nm. The increase in NG size is likely due
Fig. 4 1H NMR spectroscopy of GMA-EGDMA-OH NG (bottom)
indicating full conversion as well as the presence of hydroxyl groups at
d ¼ 4.9 ppm and d ¼ 4.7 ppm.

RSC Adv., 2022, 12, 29423–29432 | 29425
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Fig. 5 1H NMR spectra of NGs before (GMA-EGDMA) and after
conjugation of 2-(Boc-amino)ethanethiol (GMA-EGDMA-Boc).

Fig. 7 The 1H NMR spectrum of GMA-EGDMA-N3 (bottom) in DMSO-
d6 indicates no more epoxides present and thus full conversion.
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to the bulky Boc group. Boc-deprotection was achieved with
excess TFA resulting in GMA-EGDMA-NH3

+ NG, as conrmed by
the disappearance of the 1H NMR signal at d ¼ 1.4 ppm corre-
sponding to the 9 protons from the Boc group (data not shown).
This cationic NG is fully water-soluble, with a hydrodynamic
particle diameter of 91 nm in H2O and a high surface charge of
+37 mV in 10 mM HEPES solution(Fig. 5).

Amines are also capable of nucleophilic attack on an epoxide
and have been successfully used in post-polymerization func-
tionalization. Xu and coworkers functionalized pGMA with
various amines to synthesize nonviral transfection vectors for
gene therapy.67–71 Literature indicates however that crosslinking
occurs most likely due to further functionalization of the
amine.72–74 As such a tertiary amine was chosen for the forma-
tion of GMA-EGDMA-NR3

+ NG. 1H NMR spectroscopy exhibits
no epoxide signals, indicating complete conversion, as seen in
Fig. 6. A signal at d¼ 3.3 ppm corresponds to the methyl groups
on the quaternized amine. This cationic NG is water-soluble
and displays a highly positive surface charge of +30 mV in
10 mM HEPES. DLS measurements in H2O gave a Z-average of
170 nm indicating characteristic swelling in water.75

Tsarevsky and coworkers provide a protocol for the func-
tionalization of the glycidyl methacrylate epoxide with sodium
azide.76 Azides are a popular functional group as they can
undergo azide–alkyne click reactions with various alkynes,
installing radioactive tracers, targeting ligands and more.
Fig. 6 1H NMR spectrum of GMA-EGDMA-NR3
+ in comparison with

the 1H NMR spectrum of its N,N-dimethylethanolamine adduct indi-
cates a successful reaction and complete conversion.

29426 | RSC Adv., 2022, 12, 29423–29432
Ammonium chloride is utilized to protonate the alkoxide anion,
preventing any possible crosslinking.77 The 1H NMR spectrum
of GMA-EGDMA-N3 NG displays no epoxide signals at d ¼
3.2 ppm, 2.8 ppm and 2.7 ppm – indicating complete conver-
sion. The signals for the methylene adjacent to the azide group
(–CH2N3) can be observed at d¼ 3.3 ppm. 1H NMR spectroscopy
was also conducted in DMF-d7. The resulting spectra are
comparable to those found in literature.76 The 13C NMR spec-
troscopy signal indicative of a carbon next to the azide moiety
(CH2N3) can be observed at d ¼ 53 ppm in DMSO-d6 and at d ¼
55 ppm in DMF-d7 (Fig. S1 and S2† respectively in ESI†). In
addition, a distinctive azide signal is observed by FT-IR at 2104
cm−1. A broad peak at 3400 cm−1 corresponding to the hydroxyl
group further conrms successful epoxide opening(Fig. 7).

Partial epoxide opening was also carried out with 0.5 equiv-
alents of sodium azide to assess quantitative reactivity and
control over functionalization. The FT-IR spectrum in Fig. 8
(middle) displays an azide peak at 2104 cm−1, an OH peak at
Fig. 8 The. The top IR spectrum displays the GMA-EGDMA NG prior
to undergoing post-synthesis modifications, displaying an epoxide
peak at 907 cm−1. In themiddle spectrum the emergence of a hydroxyl
group can be seen at 3400 cm−1 as well as an azide group at 2102
cm−1 after reacting with sodium azide. A subsequent click reaction of
the azidemoieties results in the disappearance of peak at 2102 cm−1 as
can be seen in the bottom spectrum.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 GMA-EGDMA-N3 NGs with residual epoxide groups were
clicked with alkyne-coumarin under inert conditions. Tetrakis(aceto-
nitrile)copper(I) hexafluorophosphate and TBTA catalyzed the
reaction.

Fig. 9 Comparing the fluorescence spectra of GMA-EGDMA-N3

before and after the reaction with a pro-fluorescent coumarin dye
indicates a significant increase in fluorescence intensity. Both NGs
were measured at 3 mg mL−1 in DMF, exciting at l ¼ 360 nm and
detecting the emission at l ¼ 380 nm–700 nm.

‡ Safety note: Large scale reactions of azide are prone to dangerous exothermic
reactions. The use of chlorinated solvents in the presence of sodium azide must
be avoided, as the byproducts may be highly explosive.81
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3370 cm−1 and C]O peak at 1721 cm−1. The residual epoxide
peak at 907 cm−1 is also present. 1H NMR spectroscopy in
DMSO-d6 indicated approximately 43% conversion which is
lower than the targeted 50% conversion. This is likely due to
a stoichiometric excess needed to drive the reaction forward as
well as the error margin of calculations done on NMR spectra of
nanoparticles.

In a subsequent reaction the azide groups were clicked with
a pro-uorescent coumarin dye containing an alkyne moiety to
assess their accessibility and reactivity when forming part of
a complex NG network(Scheme 3).

The FT-IR measurements depicted in Fig. 8 indicate the
disappearance of the azide peak at 2102 cm−1 (bottom spec-
trum). It is suspected that the triazole peak is located at 1650
cm−1 but is shielded by the large carbonyl peak.78 The spectra in
Fig. 9 display the signicant increase in uorescence of the NG
aer attachment of the uorescent molecule.

3. Conclusions

Herein we describe a novel method for the preparation of
epoxide containing NGs that are robust and size-controllable.
© 2022 The Author(s). Published by the Royal Society of Chemistry
GMA-EGDMA NGs can be synthesized with a particle diameter
between 38 and 95 nm. The polydispersity witnessed on TEM
and GPC suggests that this method is quite sensitive and
requires ne-tuning. Computational models and kinetics
experiments should further elucidate intricacies inuencing
steady NG growth and reproducibility. Nevertheless, NGs
formed via this method are highly robust and stable. They can
withstand freeze-drying and solvent removal in vacuo and
once redissolved months later, retain their original size. The
epoxide moiety incorporated in the NG remains accessible
and can undergo post-polymerization modications with
amines, thiols, TFA and azides to a wide variety of versatile
functional NGs. An increase in PDI of the resulting NGs
suggests that some reactions are better tolerated than others.
Water-soluble NGs are easily achieved by introducing
permanent charge. The formation of charged NGs allows
modication of its surface polarity and thus its efficacy in
blood. This work serves to further illustrate the versatility
achievable with polymeric NGs combined with increased
efficiency and control when synthesized in a single step via
a living polymerization with monovalent and divalent vinyl
monomers.
4. Experimental
4.1 Materials and methods

Glycidyl methacrylate (GMA, 97%) and ethylene glycol dime-
thacrylate (EGDMA, 98%) were purchased from Sigma-Aldrich
and passed through a column of neutral Al2O3 prior to use.
N,N-dimethylformamide (DMF, anhydrous, 99.8%), triuoro-
acetic acid (TFA, HPLC grade, >99.0%), N,N-dimethylethanol-
amine (redistilled, 99.5%), 1,4-dioxane (HPLC grade, >99.5%),
azobisisobutyronitrile (AIBN, 98%), 2-(Boc-amino)ethanethiol
(97%), lithium hydroxide (LiOH, reagent grade, 98%), tris((1-
benzyl-4-triazolyl)methyl)amine (TBTA, 97%) and tetrakis(ace-
tonitrile)copper(I) hexauorophosphate (Cu(CH3CN)4PF6, 97%)
were purchased from Sigma-Aldrich and used without further
purication. Sodium azide (NaN3, 99%) was purchased from
Acros Organics and used as supplied.‡ 4-methyl-7-(prop-2-yn-1-
yloxy)-2H-chromen-2-one was purchased from MolPort as used
without any further purications. Dichloromethane (DCM,
99.7%) and methanol (MeOH) were obtained from Ossum
Chemicals. Demi-water was used unless stated otherwise. The
RAFT agent 2-[[(butylthio)thioxomethyl] thio] propanoic acid
was synthesized following a literature procedure.79
4.2 Nuclear magnetic resonance

Monomer conversions were determined by 1H NMR spectros-
copy in DMSO-d6 or CDCl3 on a Bruker Avance 400 MHz spec-
trometer. The signals of the deuterated solvents were used as
a reference. Monomer conversions were calculated either by
preparing an 1H NMR sample with 20 mg NG, CDCl3, along with
RSC Adv., 2022, 12, 29423–29432 | 29427
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25 mL of DMF as internal standard or by collecting the unreacted
monomers during precipitation.

4.3 Dynamic light scattering

Hydrodynamic diameters were measured by dynamic light
scattering (DLS) using a Malvern Instruments Zetasizer ZS at
a backscatter angle of 173� and taking the Z-average in intensity.
Measurements were done in triplicate, employing PEG/PiBMA
as control. Zeta potential was measured on the same equip-
ment at 20 �C in water employing folded capillary cells.

4.4 Fourier transform infrared spectroscopy

Infrared spectroscopy (FT-IR) was performed on a Bruker Alpha
and analyzed with OPUS soware.

4.5 Transition electron microscopy. Transition electron
microscopy (TEM) samples were prepared with a concentration
of 0.8 mg mL−1 in 1,4-dioxane, of which 5 mL was casted on
a copper grid. The sample was subsequently stained with a 1 w/
v% MilliQ solution of uranyl acetate for 35 seconds. Excess
staining was removed with a lter paper. TEM images were
collected on a Philips CM300ST-FEG transmission electron
microscope 300 kV equipped with GATAN Ultrascan1000 (2kx2k
CCD camera) and GATAN Tridiem energy lter (2 K � 2 K CCD
camera). The TEM images were analyzed with ImageJ soware
by measuring the diameters of 200 individual NG spheres and
calculating the average size and standard deviation. Dialysis
was done using Spectra/Por 6 Dialysis Membrane Pre-wetted RC
Tubing with a molecular weight cut-off of 1 kDa.

4.6 Size exclusion chromatography

Size exclusion chromatography (SEC) was performed on
a Waters e2695 Separations Module equipped with an Agilent
PLgel 20 mm MIXED-A 300 � 7.5 mm column, a Waters photo-
diode array detector (PDA 2998), a uorescence detector (FLR
2475) and a refractive index detector (RI 2414). Samples were
dissolved in HPLC grade chloroform (eluent) to a concentration
of 2.0 mg mL−1 and ltered with a GE Healthcare Whatman
SPARTAN 13/0.2 RC 0.2 mm syringe lter. An injection volume of
100 mL was applied along with an elution speed of 1 mL min−1

at 35 �C. Molecular weights and PDI were calculated from linear
polystyrene calibration standards.

4.7 Synthetic procedures

4.7.1 GMA-EGDMA NG formation. RAFT agent 2-
[[(butylthio)thioxomethyl] thio] propanoic acid (248.8 mg,
1 mmol, 1 equiv.), AIBN (34.3 mg, 0.2 mmol, 0.2 equiv.), GMA
(5.2 mL, 39.2 mmol, 37.5 equiv.), EGDMA (2.46 mL, 13.1 mmol,
12.5 equiv.) and 1,4-dioxane (150 mL, 95 w/w%) were added to
a 500 mL round bottom ask equipped with a stir bar, sealed
with a septum and purged with nitrogen for 45 min. The ask
was subsequently placed in an oil bath at 70 �C and allowed to
react for 1.5 h aer which it was taken out of the oil bath and
quenched with 3 mL DCM or excess AIBN (4.42 g, 26.9 mmol) in
1,4-dioxane (30 mL). The NG was precipitated three times in
hexane yielding a white solid (unquenched NG 2.06 g, 29%
29428 | RSC Adv., 2022, 12, 29423–29432
conversion, 5.51 mmol g−1 epoxides, 1.102 mmol g−1 dangling
methacrylates; quenched NG 2.78 g, 54% conversion, 3.04
mmol g−1 epoxides).

4.7.2 GMA-EGDMA-N3 NG formation. GMA-EGDMA NG
(101 mg, 0.3 mmol epoxides), sodium azide (40.4 mg, 0.6 mmol,
2 equiv.), ammonium chloride (49.2 mg, 0.9 mmol, 3 equiv.)
and DMF (10 mL) were combined in a 25 mL round bottom
ask, equipped with a magnetic stir bar, and heated at 50 �C for
2 days. The salts did not fully dissolve in DMF. The crude NG
was precipitated in water, ltered, rinsed with water and
transferred to a new lter paper to dry.

4.7.3 GMA-EGDMA-N3 NG formation. GMA-EGDMA NG
(96.7 mg, 0.3 mmol epoxides), sodium azide (9.4 mg,
0.15 mmol, 0.5 equiv.), ammonium chloride (48.8 mg,
0.9 mmol, 3 equiv.), and DMF (10 mL) were combined in
a 25 mL round bottom ask, equipped with a magnetic stir bar
and heated at 50 �C overnight. The salts did not fully dissolve in
DMF. The crude NG was precipitated in water, ltered, rinsed
with water and transferred to a new lter paper to dry resulting
in a white solid (229 mg, �43% conversion).

4.7.4 GMA-EGDMA-click formation. A click procedure was
used as described in literature.80 GMA-EGDMA-N3 (10.15 mg,
15.4 mmol) was dissolved in DMF (0.5 mL) and stirred for 24 h to
achievemaximum solubility. To a snap cap vial containing DCM
(1.17 mL) was added 4-methyl-7-(prop-2-yn-1-yloxy)-2H-
chromen-2-one (3.28 mg, 15.3 mmol). TBTA (1.53 mg, 2.9
mmol) and Cu(CH3CN)4PF6 (0.89 mg, 2.4 mmol) were dissolved
in MeOH (1.17 mL) resulting in a light blue solution. A N2

purged RB ask tted with a N2 lled balloon, was charged with
the NG solution, extra DMF (0.5 mL), the dye solution and the
catalysts solution by means of N2 ushed syringes. The light
green, turbid reaction mixture turned pale yellow during the 24
h reaction and remained turbid. Solvents were removed under
reduced pressure resulting in a yellow/green solid. The product
was redissolved in DMF, the solids were ltered out and the
solution was subjected to ash column chromatography (SiO2,
DMF).

4.7.5 GMA-EGDMA-NR3
+ NG formation. GMA-EGDMA NG

(105.5 mg, 0.3 mmol epoxides), N,N-dimethylethanolamine (62
mL, 0.6 mmol, 2 equiv.), DMF (9 mL) and H2O (1 mL) were added
to a 25 mL round bottom ask equipped with a magnetic stir
bar and allowed to stir at 50 �C for 2 days. The reaction mixture
was precipitated in diethyl ether, dissolved in H2O, dialyzed for
4 days against water, MWCO ¼ 1 kDa and freeze-dried resulting
in a white solid (40 mg, 100% conversion).

4.7.6 GMA-EGDMA-OH NG formation. GMA-EGDMA NG
(97.2 mg, 0.3 mmol epoxides), TFA (0.23 mL, 3 mmol, 10 equiv.),
THF (9 mL) and H2O (1 mL) were added to a 50 mL Erlenmeyer
ask, equipped with a magnetic stir bar and allowed to stir
overnight at room temperature. The solvents were removed in
vacuo and the NG was redissolved in MeOH and precipitated in
H2O. The NG was dissolved in H2O and dialyzed against water
for 2 days, MWCO ¼ 1 kDa. Freeze drying resulted in a white
solid (100 mg, 100% conversion).

4.4.7 GMA-EGDMA-THG NG formation. GMA-EGDMA NG
(96.8 mg, 0.3 mmol epoxides) and 1-thioglycerol (0.06 mL,
0.7 mmol, 2.5 equiv.) were dissolved in 9 mL DMF. LiOH
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(6.9 mg, 0.3 mmol, 1 equiv.) was dissolved in 1 mL H2O and
added dropwise to the organic solution. The cloudy reaction
mixture stirred at room temperature overnight. The NG was
dispersed in H2O and dialyzed against water for 3 days, MWCO
¼ 1 kDa. Freeze drying resulted in a white solid (130 mg, 100%
conversion).

4.4.8 GMA-EGDMA-boc NG formation. GMA-EGDMA NG
(94.7 mg, 0.3 mmol epoxides) and 2-(Boc-amino)ethanethiol
(0.12 mL, 0.7 mmol, 2.5 equiv.) were dissolved in 9 mL DMF.
LiOH (24.7 mg, 1.0 mmol, 3.6 equiv.) was dissolved in 1 mL H2O
and added dropwise to the organic solution. The reaction
mixture stirred overnight at room temperature becoming yellow
and cloudy. The NG was dispersed in H2O and dialyzed against
water for 6 days, MWCO ¼ 1 kDa. Water was removed under
reduced pressure. The NG was dissolved in DCM, dried over
MgSO4, ltered, concentrated in vacuo and precipitated in
hexane twice.

4.4.9 GMA-EGDMA-NH3
+ NG formation. To a 12 mL

colorless solution of GMA-EGDMA-Boc NG (0.29 mmol) in DCM
was added TFA (0.11mL, 1.4 mmol, 5 equiv.) and amagnetic stir
bar. Upon addition of TFA the solution became yellow. The
reaction was allowed to stir overnight forming sedimentation of
NG that is no longer soluble in the organic solvents. Water was
added to the reaction mixture and TFA and DCM were removed
under reduced pressure. The aqueous solution was dialyzed
against water for 2 days. Freeze drying yielded a white solid
(90 mg, 100% conversion).
Author contributions

Anzar Khan and Jos M. J. Paulusse designed the study. Jeroen J.
L. M. Cornelissen and Jos M. J. Paulusse guided the study.
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