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A Novel Acid-Degradable PEG Crosslinker for the
Fabrication of pH-Responsive Soft Materials

luliia Myrgorodska, Mary Jenkinson-Finch, Rafael O. Moreno-Tortolero, Stephen Mann,*

and Pierangelo Gobbo*

The design and synthesis of a novel acid-degradable polyethylene glycol-
based N-hydroxysuccinimide (NHS) ester-activated crosslinker is reported.
The crosslinker is reactive towards nucleophiles and features a central ketal
functional group that is stable at pH > 7.5 and rapidly hydrolyses at pH > 6.0.
The crosslinker is used to (i) fabricate acid-degradable polysaccharide
hydrogels that exhibit controlled degradation upon exposure to an acidic
environment or via endogenous enzyme activity; and (ii) construct hydrogel-
filled protein-polymer microcompartments (termed proteinosomes) capable
of pH-dependent membrane disassembly. Taken together the results provide
new opportunities for the fabrication of pH-responsive soft materials with
potential applications in drug delivery, tissue engineering, and soft-matter

bioengineering.

1. Introduction

The fabrication of stimuli-responsive materials has undergone
significant advances in recent years due to the development of
new synthetic methods in polymer science.l! Among numerous
types of external stimuli, pH is a particularly attractive target
because of its simplicity and biological relevance. Smart pH-
responsive materials respond to pH changes in the environ-
ment by altering their physicochemical properties or via the
cleavage of covalent bonds. The latter strategy has found appli-
cations in bio-related areas such as drug-delivery systems,!?
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diagnostic and sensing devices,’l and
lithography.™ Ketals have attracted much
attention as acid-cleavable functional
groups because they readily hydrolyze
to the corresponding ketone and alco-
hols under mildly acidic conditions
(Scheme 1a).! Ketals display good stability
under mildly alkaline or neutral condi-
tions, tunable hydrolysis rates, and simple
synthetic routes.l®! Because of these rea-
sons, ketals (and acetals) have been used
to develop a wide range of polymers for
the assembly of acid-degradable soft mate-
rials including micro- and nanocarriers,!
micro- and nanogels, % hydrogels,®l and
cross-linked micelles.’) As a general
strategy, direct radical polymerization
methods are employed in which the ketal-
containing monomer is directly incorporated into the polymer
backbone or used as a crosslinking moiety, thus providing a
handle for effective and controllable acid-mediated material
degradation or cargo-release.['”]

However, to the best of our knowledge, the possibility of
directly using a ketal-containing crosslinker capable of reacting
through bioconjugation or click chemistry for the generation of
chemically crosslinked acid-degradable soft materials has not
been explored. One of the most common, versatile and effec-
tive bioconjugation techniques for crosslinking involves the
reaction of primary amines with N-hydroxysuccinimide (NHS)
esters. Therefore, devising a strategy for the synthesis of an
acid-degradable water-soluble NHS-activated crosslinker would
open up important new avenues in smart materials chemistry.

Herein, we report the synthesis of a novel versatile polyeth-
ylene glycol (PEG)-based NHS ester-activated ketal crosslinker
that is reactive towards nucleophiles, stable at pH > 75 and
rapidly cleaves at pH < 6.0. We showcase the use of the new
crosslinker for the fabrication of acid-degradable carboxymethyl
chitosan (CM-chitosan) hydrogels and nanometer-thick semi-
permeable protein-polymer microcapsules, termed proteino-
somes, that are commonly used as a synthetic protocell model.!'!
The controlled degradation of these soft materials is triggered
either by direct exposure to an acidic environment or by endog-
enously decreasing the pH via internalized glucose oxidase
(GOx) activity. In both approaches, consequent hydrolysis of
the ketal crosslinker results in either complete dissolution of
the CM-chitosan hydrogel or disassembly of the proteinosome
membrane. Taken together our results offer a new route to
the fabrication of pH-responsive soft materials with potential
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Scheme 1. a) Scheme showing the well-established hydrolysis mechanism of ketals. The rate-determining step is considered to be the formation of
the resonance-stabilized carboxonium ion intermediate. b) Synthetic route to the preparation of the acid-degradable crosslinker (5). The acid-sensitive
ketal moiety is highlighted in red, whereas the two terminal amine-reactive NHS ester-activated functional groups are highlighted in blue.

future applications in drug delivery, synthetic protobiology,
tissue engineering, and soft-matter bioengineering.

2. Results and Discussion

Synthesis of the PEG-based acid-degradable crosslinker (5) was
undertaken in five steps (Scheme 1b; Section S1.2, Supporting
Information) involving the synthesis of the acid-degradable
ketal-diamine core (2; 2,2-bis(aminoethoxy)propane; Figures S1
and S2, Supporting Information) and separately the synthesis of
the activated polyethylene glycol linking unit (4; O,0’-bis[2-(N-
succinimidyl-succinate]polyethylene glycol, PEG-diNHS) from
bis(succinic acid ester)polyethylene glycol (3; M,, = 1000 Da; =22
ethylene glycol monomers units) (Figures S3-S6, Supporting
Information). Reaction of (4) and (2) in a 2:1 molar ratio yielded
(5) in quantitative yield. The overall yield of the five-step syn-
thetic sequence was 21%. The 'H NMR spectrum of compound
(5) showed the presence of the ketal peak at 1.33 ppm, the pres-
ence of the NHS methylene protons peak at 2.84 ppm, and a
twofold increase of the PEG peak at 3.63-3.71 ppm (Figures
S7 and S8, Supporting Information). MALDI-TOF mass spec-
trometry also confirmed the coupling of two polymer chains of
(4) to a single acid-degradable core (2) (Figure S9, Supporting
Information). Crosslinker (5) was found to be stable for several
months if stored at —20 °C and under an inert atmosphere and
was used directly without any additional purification steps.

The hydrolysis kinetics of crosslinker (5) in deuterated phos-
phate buffer solution (PBS) as a function of pH were investi-
gated to gain critical information for designing experimental
methodologies for the fabrication of novel acid-degradable soft
materials. 'H NMR spectroscopy was used to track the disappear-
ance of the ketal peak at 1.33 ppm and concomitant appearance
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of the acetone peak at 2.22 ppm over time when molecule (5)
was exposed to pH values between 5.0 and 8.5, according to the
reaction mechanism reported in Scheme 1a. Since ketal hydrol-
ysis follows a pseudo-first order kinetics, ks values and half-life
times were calculated from the integrals of the same two signals
according to the method reported in Section S1.3 (Supporting
Information). Significantly, we observed that at pH > 75 the
crosslinker remained stable in solution (reaction monitored for
more than 1 week), whereas hydrolysis became more prominent
as the pH decreased. More specifically, between pH 6.0 and 75
the half-life times of (5) ranged from 16 min to 9 h, respectively,
whereas at pH 5.5 and 5.0 the half-life times were of 2.1 and
3.7 min, respectively (Figure 1; Figure S10, Supporting Informa-
tion). Liu and Thayumanavan has previously reported a half-life
time of 32 h for the phthalimide-substituted ketal intermediate
(1) at pH 5.1 Such a marked difference in crosslinker stability
between the intermediate (1) and final product (5) is consistent
with an increasing electron donating character of the adjacent
amine groups.

The high stability of (5) at pH > 75 and its fast kinetics of
hydrolysis at pH < 6.0 make the PEG-based derivative very
attractive as an acid-degradable crosslinker for applications in
soft materials chemistry. In particular, given the pH-sensitive
properties of (5), we anticipated that its reaction with amine-
functionalized polysaccharides and proteins would lead to a
new approach for the formation of acid-degradable chemically
crosslinked biomaterials.

To showcase this, we prepared six different samples of poly-
saccharide hydrogels by mixing 5 pL of an aqueous solution of
(5) (0, 1, 2.5, 5, 10, or 20 mg) with 190 pL of an aqueous solu-
tion of CM-chitosan (40 mg mL™) containing 5 uL of a com-
mercial solution of universal indicator. The solutions were
mixed vigorously for 20 s, and a sol-gel transition occurred in

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. Plot of the pseudo-first order rate constants, ks, determined for
the hydrolysis of crosslinker (5) over a range of pH values. The dashed
vertical lines highlight three different pH regions where the acid-degra-
dable crosslinker (5) hydrolyses in less than 16 minutes (left, pH < 6.0),
hydrolyses in 16 min to 9 h (middle, 6.0 > pH < 7.5), and shows good
stability for more than 9 h (right, pH > 7.5).

less than 30 min for samples containing greater than 2.5 mg
of (5) (Figure 2). Crosslinked CM-chitosan hydrogels were
analyzed using linear and transient rheology. Initially, strain
and frequency sweeps were carried out in oscillatory mode
to determine the linear viscoelastic region of a representative
CM-chitosan hydrogel prepared by mixing 1.5 mL of a solu-
tion of CM-chitosan 40 mg mL™! with 15 mg of crosslinker (5).
The linear viscoelastic region of the hydrogel was identified to
be between 0.01% and 250% of shear strain and between 0.01
and 10.00 Hz, with the elastic modulus (G’) being independent
of frequency and at least one order of magnitude higher than
the viscous modulus (G”) (Figures S11 and S12, Supporting
Information). The linear viscoelastic region was assumed to
be the same for other hydrogel samples prepared using higher
amounts of crosslinkers.

The crosslinking kinetics associated with formation of the
pH-degradable hydrogels was studied using transient analysis
methods at values within the determined linear viscoelastic
region of the hydrogels (10% strain and 1.00 Hz frequency).
Pregel solutions were prepared by quickly mixing 975 uL of
aqueous CM-chitosan (40 mg mL™) with 25 L of an aqueous
solution of (5) (15, 20, or 30 mg). An oscillatory stimulation at
10% shear strain and 1.00 Hz was then immediately applied
for 50 min. In all samples G” was initially higher than G” con-
firming the liquid nature of the samples. As time evolved, G’
increased more than G” indicating progressive formation of a
cohesive network. The gelation point, defined as the crossover
point between the curves of the elastic and viscous moduli, was
found to decrease linearly with increasing amount of crosslinker
(Figure S13a, Supporting Information). In all samples both
G” and G” moduli continued to evolve until they eventually
reached a plateau after =17 min, indicating the end of the gela-
tion process. As expected, the final values of the shear moduli
were found to progressively increase with increasing amounts
of crosslinker (5) used to prepare the samples, indicating the
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Figure 2. Time-dependent photographs of inverted vials containing CM-
chitosan hydrogels (4 wt%, 190 uL) crosslinked with different amounts
of crosslinker (5) ranging from 0 to 20 mg as specified at the top of the
figure. The top photograph (t,) shows the presence of the hydrogel at the
beginning of the experiment. The hydrogels were then exposed to 5 uL of
HCl (1 m) and photographs were acquired after 1, 24, and 48 h, as indi-
cated on the left-hand side of the figure. The hydrogels were preloaded
with a universal indicator, which showed an alkaline pH at t; (top row,
yellow color) and acidic pH (pink color) after addition of HCI. The latter

gave rise to hydrolysis of crosslinker (5) and disassembly of the hydrogel
at a rate that depended on the crosslinker concentration.

formation of stiffer hydrogels (Figure S13b, Supporting Infor-
mation). Taken together these observations indicate that the
acid degradable crosslinker (5) can be successfully employed to
fabricate hydrogels via chemical crosslinking with amine-func-
tionalized high molecular weight polymers.

Acid-promoted degradation of the crosslinked CM-chitosan
hydrogels was undertaken by direct addition of hydrochloric
acid (HCI, 1.0 M) to samples prepared as above in small vials
(2 mL). Hydrogels generated using 12.5 or 25 mg of crosslinker
(5) fully disassembled in =2 h, whereas hydrogels prepared
using 50 and 100 mg mL™ of (5) degraded in 48 h, indicating an
inverse proportionality to the extent of chemical crosslinking.
In all samples, before acid addition the pH of the hydrogel was
8.0 and after complete disassembly the pH of the solution was
2.0. In contrast, the hydrogels remained stable for over a week
in control experiments conducted under the same conditions

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. Graph comparing the time-dependent acid-mediated hydrogel
degradation as determined from freeze-drying/weighing for CM-chitosan
hydrogels (4 wt%, 200 LL) crosslinked with 3 mg of crosslinker (5) and
directly exposed to 300 uL of HCI 1 m (black plot), or preloaded with
0.5 mg of GOx and exposed to 300 pL of b-Glucose 0.5 M (red plot).
Experiments were repeated in triplicate, error bars indicate standard
deviation.

but using the pH-stable crosslinker PEG-diNHS in place of (5)
(Figure S14, Supporting Information). A quantitative study of
the time-dependence of acid-mediated hydrogel degradation
was carried out by freeze drying and weighing the residual
hydrogels after exposure to HCI for various periods of time
(Section S1.5, Supporting Information). The data showed that
under the conditions employed, hydrogel degradation started
immediately after addition of the acid and continued linearly
over a period of =2 h (Figure 3).

Alternatively, we co-crosslinked GOx inside the acid-degra-
dable CM-chitosan hydrogels as an endogenous trigger of
acid-mediated hydrogel disassembly.’) The GOx-containing
hydrogel was exposed to an aqueous solution of p-glucose
(0.5 M), which slowly permeated through the hydrogel where
it was progressively oxidized to gluconolactone by GOx in the
presence of dioxygen. Hydrolysis of gluconolactone to gluconic
acid within the hydrogel progressively decreased the pH to 4.5,
causing hydrolysis of crosslinker (5) and disassembly of the
hydrogel. Under these conditions, quantitative measurements
showed that the GOx-containing hydrogel started to degrade
after 4 h and reached a plateau level of 80% disassembly after
18 h from the addition of glucose (Figure 3). We attributed the
relatively long induction time to the slow permeation of glu-
cose through the hydrogel and the slow hydrolysis of glucono-
lactone to gluconic acid within the hydrogel."”! Furthermore,
incomplete disassembly even after 30 h suggested that GOx
activity was curtailed over long periods of time possibly by the
increasing acidity of the hydrogel environment!¥ and depletion
of the substrate. Overall, these results show that crosslinker
(5) can be successfully employed to fabricate novel functional
hydrogels that can be specifically engineered using GOx-medi-
ated catalysis for programmable degradation in the presence of
glucose.
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Given the above observations, we sought to exploit the new
amine-reactive crosslinker for the stabilization and controlled
disassembly of vesicle-like nanometer-thick membranes based
on the interfacial assembly of partially hydrophobic protein-pol-
ymer nanocomposites into intact semipermeable microcapsules
called proteinosomes."f] To achieve this, we synthesized aqueous
suspensions of RITC-labelled bovine serum albumin (BSA)/
poly(N-isopropylacrylamide) (PNIPAm) nanoconjugates (Sec-
tion S1.6 and Figures S15 and S16, Supporting Information)™]
and used these along with aqueous alkaline solutions of the
acid-degradable crosslinker (5) in Na,CO; buffer (pH 8.5) and
CM-chitosan (pH 8.5-9) to prepare water-in-oil Pickering emul-
sions. The droplets were incubated for 48 h to facilitate reaction
of (5) with the primary amine groups of CM-chitosan as well
as the RITC-labelled BSA/PNIPAm nanoconjugates present
both at the droplet surface and within the interior. Fluores-
cence microscopy imaging showed hydrogelled droplets with
an average diameter of 11 + 6 um and homogeneous red fluo-
rescence (Figure 4a,c). The droplets were subsequently trans-
ferred into Na,COj; buffer (10 x 1073 M, pH 8.5) using dialysis
(Section S1.7, Supporting Information) to produce an aqueous
dispersion of swollen hydrogel-containing proteinosomes with
diameters of 29 £ 10um (Figure 4b,c). Interestingly, if smaller
amounts of crosslinker (5) were used no proteinosomes formed,
whereas if larger amounts of crosslinker (5) were used proteino-
somes were found to aggregate into cluster when transferred
into water. By using fluorescein isothiocyanate (FITC)-labelled
CM-chitosan (green fluorescence) and rhodamine B isothiocy-
anate (RITC)-BSA/PNIPAm nanoconjugates (red fluorescence)
we were able to map the location of these crosslinked compo-
nents in the intact proteinosomes using fluorescence confocal
microscopy. The images indicated that the proteinosomes
comprised a hydrogel-filled core of FITC-tagged CM-chitosan
and excess RITC-tagged BSA/PNIPAm nanoconjugate, and a
well-defined outer membrane of RITC-tagged BSA/PNIPAm
nanoconjugates (Figure 4d). Crosslinking of both the core and
membrane gave rise to proteinosomes that remained structur-
ally stable for several days when stored in Na,CO; buffer (10 x
1073 M, pH 8.5).

In contrast, proteinosomes prepared without the CM-chi-
tosan hydrogel core often fractured during transfer from oil
into water.

The pH-responsive properties of the hydrogel-filled pro-
teinosomes were studied by fluorescence microscopy and
fluorescence-activated cell sorting (FACS). Visual confirma-
tion of proteinosome disassembly in the presence of HCI
(250 x 1073 m) was obtained using time-dependent fluorescence
microscopy imaging.

Figure 5a,b and Video S1 (Supporting Information) show
that the total red fluorescence intensity associated with
the hydrogel-containing microcapsules decayed over time,
indicating progressive disassembly of the protein-polymer
membrane and CM-chitosan hydrogel core within =1.5 h. In
contrast, a control experiment performed under the same con-
ditions but using the pH-stable PEG-diNHS crosslinker instead
of acid-degradable (5), did not reveal any significant changes in
the red fluorescence intensity of the proteinosomes (Figure 5b).
This indicated that possible photobleaching of the RITC tags by
the laser of the fluorescence microscope had minimal effects

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Fluorescence microscopy characterization of pH-sensitive hydrogel-filled proteinosomes. a) Fluorescence microscopy image of pH-sensitive
hydrogel-filled proteinosomes in oil. The proteinosomes are water-in-oil (w/o) Pickering emulsion droplets stabilized by RITC-tagged (red fluorescence)
BSA/PNIPAmM nanoconjugates and filled with a CM-chitosan hydrogel. The proteinosome membrane as well as the CM-chitosan hydrogel are both
chemically crosslinked in situ with crosslinker (5). Scale bar =100 um. b) Fluorescence microscopy image of the pH-sensitive hydrogel-filled proteino-
somes in (a) after transfer into Na,CO; buffer (10 x 1073 m, pH 8.5). Scale bar = 100 um. c) Graph comparing the size distribution of the pH-sensitive
hydrogel-filled proteinosomes in oil shown in (a) (red plot) and the size distribution of the same proteinosomes after transfer into Na,COj; buffer shown
in (b) (black plot); the increase in size is associated with swelling of the inner hydrogel upon transfer to the water medium. d) Fluorescence confocal
microscopy image of a single pH-sensitive hydrogel-filled proteinosome crosslinked with crosslinker (5) and in Na,CO5 buffer (10 x 107 m, pH 8.5).
The image highlights that after transfer into aqueous media, the structure of the proteinosome still comprised an external membrane of crosslinked
RITC-tagged BSA/PNIPAm nanoconjugates (red fluorescence) and a hydrogel-filled core of crosslinked FITC-tagged CM-chitosan (green fluorescence)
and excess RITC-tagged BSA/PNIPAm nanoconjugates. Scale bar = 20 um. The inset highlights the presence of a well-defined crosslinked RITC-tagged

BSA/PNIPAmM nanoconjugate membrane.

on the time-dependent fluorescence intensity values observed
experimentally, thereby confirming that disassembly of the
proteinosome was mediated by acid-catalyzed hydrolysis of the
crosslinker. This was confirmed statistically by FACS analysis
of different samples of the acid-degradable hydrogel-filled pro-
teinosomes after incubation in HCI (250 x 1073 m) for different
times (0-2.5 h) followed by direct injection into the instrument.
Time-dependent FACS analysis confirmed a fast depletion
of the proteinosome population, with the total proteinosome
count decreasing to 27% of its initial value after 2.5 h of incuba-
tion in the acid (Figure 5c).

Finally, we explored the possibility of coencapsulating and
crosslinking GOx inside the proteinosomes to trigger the glu-
cose-induced endogenous decrease of pH with a consequent
disassembly of the microcapsule. GOx-containing, acid-degra-
dable and hydrogel-filled proteinosomes were assembled using
the same procedure as described above, followed by incuba-
tion in a glucose solution (0.5 M) for 0 to 32 h, and analysis
of the proteinosome population by FACS. A slow depletion of
the proteinosome population, which reached 11% of its initial
value after 32 h, was observed (Figure 5d). This was associ-
ated with the slow endogenous enzyme-mediated synthesis

Macromol. Rapid Commun. 2021, 2100102 2100102 (5 Of7)

of gluconolactone and subsequent hydrolysis to gluconic acid.
Taken together these observations show that crosslinker (5)
can be used to generate hydrogel-filled proteinosomes that are
stable under alkaline conditions and can progressively degrade
when the pH turns acidic. More generally, these results provide
scope for the generation of novel micro-compartmentalized sys-
tems with chemically programmable capabilities.

3. Conclusion

To conclude, a novel acid-degradable NHS ester-activated PEG
crosslinker based on a ketal core and reactive towards nucle-
ophiles was prepared following a simple five-step synthetic
protocol. The halflife of the ketal group was investigated
across a wide range of pH values and found to be stable at
pH > 75 and rapidly hydrolyze at pH < 6.0. The possibility of
using the novel crosslinker for the generation of pH-sensitive
soft materials was showcased Dby fabricating acid-degradable
hydrogels and protein-polymer microcapsules. Both types of
soft materials were stable for an indefinite time under mildly
alkaline conditions and progressively degraded under acidic
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Figure 5. Time-dependent disassembly of acid-sensitive hydrogel-filled proteinosomes. a) Time-dependent fluorescence microscopy images showing a
progressive decrease in red fluorescence intensity associated the controlled disassembly of the RITC-labelled proteinosome membrane upon exposure
to HCl (250 x 1073 m). Hydrolysis of ketal crosslinker (5) results in the progressive disassembly of the crosslinked proteinosome membrane and dis-
solution of the encapsulated CM-chitosan crosslinked hydrogel. Scale bar = 50 um. b) Graph comparing time-dependent changes in red fluorescence
intensity for RITC-labelled hydrogel-filled proteinosomes crosslinked with acid-sensitive crosslinker (5) (red plot) or crosslinked with acid-stable PEG-
diNHS crosslinker (black plot, control experiment) after exposure to 50 pL of HCI (1 m). Minimal changes in red fluorescence are observed for the
control experiment. Error bars indicate standard deviation. c) Overlapped FACS-derived red fluorescence intensity (PE-H: RITC) histograms recorded for
RITC-labelled hydrogel-filled proteinosomes crosslinked with crosslinker (5) and exposed to 50 pL of HCI 1 m for the different time intervals indicated.
d) Overlapped FACS-derived red fluorescence intensity (PE-H: RITC) histograms recorded for RITC-labelled GOx-containing hydrogel-filled proteino-
some samples crosslinked with crosslinker (5) and exposed to 50 UL of b-glucose solution (0.5 m) for the different time intervals indicated.

conditions. Importantly, we showed that the acid-mediated con-  pH decreases. Given the high reactivity towards nucleophiles,

trolled degradation of the chemically crosslinked hydrogels and  high rate of hydrolysis at pH < 6.0, and stability under mildly

nanometer-thick proteinosome membrane could be triggered  alkaline pH conditions, the new crosslinker could provide

endogenously via internalized GOx activity in the presence of  novel opportunities in areas such as drug delivery, synthetic

glucose. protobiology, tissue engineering, soft-matter bioengineering,
From a more general perspective, to the best of our knowl-  bioprinting, and soft robotics for the construction of acid-

edge, this represents the first example of a ketal-containing  sensitive sensors and valves.

crosslinker capable of directly reacting with the amine groups

of biomolecules for the generation of acid-degradable soft

materials. As such, we expect that the ketal-derivatized PEG supporting Information

crosslinker will have uses in the construction of a wide range

of pH-sensitive smart materials including polymers, micelles,
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