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Bioapplication of 3D printing in the fabrication of scaffolding, implants of organ replacements/recovery,
etc. has been drawing increasing interest due to its capability to replicate complex structures present in
organs, etc. Alongside the structure and physical properties, the functionality of printed parts is equally
important to deliver appropriate materials for this type of application. Herein, complex structures inte-
grated with a reversibly covalently linked peptide have been fabricated with high resolution via digital light
processing (DLP) type VAT photopolymerization. Bisacryloyl cystamine was synthesized and incorporated
into the printer resin to include disulfide functionality in some of the crosslinks. The printed objects were
subsequently treated with tris(2-carboxyethyl) phosphine (TCEP) and loaded with covalently bound lan-
reotide, as an example of a disulfide bearing peptide, via a thiol-disulfide exchange. The uptake of lanreo-
tide and subsequent release by a second reductive treatment of TCEP were monitored. This current
method was successful in producing objects different structures capable of reversiblly binding functional
peptides with the potential for a controlled release profile by adjusting the crosslink density and disulfide

Received 15th November 2023,
Accepted 25th January 2024

DOI: 10.1039/d3lp00250k

Open Access Article. Published on 05 February 2024. Downloaded on 11/8/2025 7:10:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rscapplpolym

Introduction

3D printing has been an upcoming processing method to fab-
ricate objects with the desired geometry and size.'” Among
various 3D printing techniques,® digital light processing
(DLP) is promising to fabricate 3D objects at low cost and ful-
filling technical and instrumental requirements. DLP utilizes a
digital micromirror device (DMD) to project light to cure the
desired 2D-patterns layer by layer in a reservoir of curable
monomer compositions, and obtain a 3D structure controlled
by the motion in the z-direction.®'® Therefore, the printed
part is already solidified and self-supporting during the print-
ing process. This is particularly useful for objects involving a
complex internal structure,'"™® where other techniques are
inefficient to construct a self-supporting model with a high
resolution or fine structure. Moreover, the dimensions and res-
olutions of DLP are comparable to the internal structures of
human organs, which favours its application in the manufac-
ture of tissue scaffolds, artificial organs, and human tissue to
implant or replace human parts,"**® known as bioprinting.
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content in the objects has been investigated.

One of the applications of 3D bioprinting is to fabricate
active ingredient-loaded structures or devices to achieve tar-
geted delivery by means of implanting or scaffolding.'®
While encapsulation of substance(s) in manufactured objects
has been reported,®?* it typically suffers from undesired
release prior to application and thus a short shelf-life after
manufacturing. Moreover, leaching of the active ingredients is
also highly dependent on the conditions of the incubation
medium, such as temperature, pH, and ionic strength.>* To
mitigate these problems, covalent conjugation, with reversible
chemistry as a releasing trigger, will be essential in delivery
devices.

Disulfides are naturally present in the form of cysteine-
cysteine couplings and can be exploited via thiol-disulfide
exchange. The conjugated substance remains attached until
the subsequent breakage of the —-S-S- bond is triggered, prefer-
ably by a reducing agent or another thiol at a higher concen-
tration. Reversible thiol-disulfide exchange to capture and
release biomolecules through reversible covalent chemical
bonds has long been studied,”>' and indeed applied in
healthcare over the past decades.**® In the patent by 10x
Genomics and the later academic literature by Weitz et al.,”®
a multi-channel microfluidic device was used to produce
hydrogel beads with embedded droplets via redox polymeriz-
ation of acrylamide and bisacryloyl cysteamine (BAC) in emul-
sions. With the incorporation of BAC, the hydrogel bead is
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solubilised via chemical reduction by DTT. This allows for the
release of the RNA primer in a droplet-in-droplet emulsion to
perform DNA barcoding.

Biocompatibles UK Ltd.** used BAC, and its carboxylated
derivative (BALC), to produce anionic PVA hydrogel beads.
Cleavage of the disulfide bond by chemical reduction results
in the PVA beads having a higher degree of swelling and allow-
ing for the uptake of cationic drugs and small organic mole-
cules. Subsequently, the beads were transferred to a normal
medium to allow the release of loaded drugs. While reversible
covalent crosslinking controlled the release rate by the concen-
tration of the reducing agent in the incubation media, in this
approach, the encapsulated species is limited to cationic mole-
cules and it is noted that leaching is still observed.

Voit et al.*' demonstrated protein capture and release by a
disulfide-functionalized hydrogel array on thin films prepared
via masked lithography. The BSA protein was successfully cap-
tured in the patterned array using a sequential flow of TCEP,
deionized water, BSA and PBS buffer in a microfluidic device.
The array could be recovered by flowing TCEP solution into the
materials to decouple the BSA followed by oxidation by an Fe
(m) solution of the -SH back to disulfides.*!

Ravi et al.** synthesized a hydrogel using acrylamide and
BAC, as the sole crosslinker, followed by cleavage of the disul-
fides with dithiothreitol to obtain a solution of thiol-functiona-
lized polyacrylamide. The polymer solution could be injected,
or moulded, to the desired geometry with reversible gelation
by the addition of dithiodipropionic acid to re-form the di-
sulfide. Owing to the low toxicity of the reagents, it was said to
have potential for use as ocular lens capsules.

Sanyal et al. demonstrated cell attachment and protein
capture using a hydrogel comprising PEG based methacrylate
functionalized with pyridyl disulfide. They also explored the
spatial control of these processes using a micropatterned sub-
strate. Later they investigated the fabrication of hydrogels
using thiol-disulfide exchange chemistry with functionalized
PEG telomers and tetra-arm PEG thiol and exhibited protein
encapsulation and high cell viability of the hydrogel.?”*¢

Recently, disulfides have also been incorporated into 3D
printing. With the aid of reversible disulfide chemistry, self-
healing, covalent adapting networks (CANs), or decomposable
materials with complex structures, have been fabricated via
different 3D printing techniques, including SLA, DLP and
extrusion. Huang et al. synthesized disulfide-containing poly
(urethane diacrylate)s which were used as crosslinkers in DLP
3D printing. The obtained elastomers showed healing pro-
perties at 80 °C over 12 h."” Amstad et al. fabricated a double
network hydrogel by photopolymerization of a jammed
aqueous suspension of an acrylamido-2-methylpropane sulfo-
nic acid microgel, acrylamide and bisacryloyl cysteamine (BAC)
using a syringe extrusion printer. The material showed a flex-
ural strength of 150 MPa, which is comparable to the bulk
polymer. It was also shown to be recyclable by reaction with
TCEP treatment to recover the microgel suspension.*’ Fellin
and Nelson also used extrusion type printing in the fabrication
of a hydrogel from a methacrylate end-capped triblock copoly-
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mer of poly(isopropyl-stat-ethyl glycidyl ether)-block-poly(ethyl-
ene oxide)-block-poly(isopropyl-stat-ethyl glycidyl ether) and
pyridyl disulfide methacrylate. Owing to the sol-gel transition
and the thixotropic behaviour of the pre-polymer this was suit-
able for nozzle-injected printing and withstanding its shape
for post-curing. The obtained hydrogel showed a volume
phase-thermal transition and capability for thiol exchange.?’

Herein, we report the DLP 3D printing of peptide contain-
ing objects via photopolymerization and its release study.
Disulfide functionalized bisacrylamide (BAC) was first syn-
thesized and incorporated into the printing ink composed of
hydroxyethyl acrylate to enhance the solubility of BAC. Then
the printed parts were treated with TCEP to obtain thiol
groups which allows thiol-disulfide exchange with the di-
sulfide containing peptide. The redox-triggered uptake and
release of lanreotide, a cyclic disulfide containing peptide, was
studied via UV-spectroscopy. This work demonstrated a facile
and low-cost route to fabricate objects with a complex geome-
try and peptide-conjugation ability, and its potential to manu-
facture delivery devices.

Experiment
Materials

Hydroxyethyl acrylate (HEA), poly(ethylene glycol) diacrylate
(MW: 700) (PEGDA), lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP), tartrazine, acryloyl chloride and
cystamine dihydrochloride were purchased from Sigma-
Aldrich. Lanreotide and calcitonin were supplied by
Polypeptide Lab. All the materials were used as received.
Deionized water was used in all the processes. The synthesis
and characterization of bisacryloyl cystamine (BAC) are
described in the ESI (Scheme S1 and Fig. ESI 17).

Resin and ink formulation

Hydrophilic resins were prepared with the formulations shown
in Table 1. Hydroxyethyl acrylate (HEA) was chosen here
because of its high hydrophilicity to facilitate peptide uptake
and release. Furthermore, it enhanced the solubility of BAC in
the printing ink. In brief, lithium phenyl-2,4,6-trimethyl-
benzoyl phosphinate (LAP) and tartrazine (a yellow dye used to
enhance the resolution) were dissolved in deionized water;
subsequently the required amounts of poly(ethylene glycol)
diacrylate (PEGDA MW: 700) and hydroxyethyl acrylate (2-HEA)
were added. The solutions were stirred for 10 min until the
liquid phase was homogeneous and subsequently N,N'-bisacry-
loyl cystamine (BAC) was added. Formulations were sonicated
for 5 min to ensure dissolution of all of the BAC into the resin
solution at ambient temperature and then kept in amber jars,
wrapped in aluminium foil, protected from sunlight, and
stored at ambient temperature prior to use.

To demonstrate the printability and resolution, formulation
H-3 was chosen to print different structures. For the internal
channel model, the object was cleaned by injecting deionized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulations of the PEG diacrylate/HEA/BAC based resins®

Code HEA/g PEGDA/g BAC/mg
A-1 5 1
A-2 5 1.2
A-3 5 1.5
B-1 5 1
B-2 5 1.2
B-3 5 1.5
C-1 5 1
C-2 5 1.2
C-3 5 1.5
C-3 5 2
C-4 5 2.5
C-5 5 5
D-1 5 1
D-2 5 1.2
D-3 5 1.5
E-1 5 5
F-1 5 1
F-2 5 1.5
F-3 5 2
F-4 5 5
F-5 0 5
H-1 5 1
H-3 5 2
H-4 5 5
O-1 5 1
0-2 5 1.2
0-3 5 1.5
PEGDA-Blank 0 5 0

“All formulations used the same photoinitiator: lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, 7.57 mg), dye: tartrazine (3.88 mg)
and [H,0] (1.04 g).

water and then cochineal solution for clarity of the internal
channel.

3D printing object design and preparation

The size of the printed cylinders was designed for use in stan-
dard UV 96 well plate readers, UV-STAR® Microplate, 96 Well,
COC, F-Bottom. The calculated total volume = 392 pl with the
dimension of the plate reader hole = 7 mm (Fig. 1). Cylinders
were printed with 100 nm resolution (layer thickness), with the
printing conditions shown in Table 2. Considering the degree
of swelling and the different resin fractions, the parameter of
the cylinder was modified to be adapted for all formulations
(ESI 97). The objects were printed using a Cellink Lumen X"
(DLP type) and reported to give 50 and 100 pm resolutions
working at 4 = 405 nm with commercial UV resin formulations
from 10 mW cm™> to 30 mW c¢m ™ light intensity. Due to the
increased viscosity of the resin at higher concentrations of
PEGDA and BAC, it was necessary to optimize the printing con-
ditions such that complete parts were printed within the entire
range of different formulations. The resin in the resin tank

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design of the 3D printing hydrogels used in the 96 well plate
analysis. (H =7 mm, R = 54 mm, r = 3.6 mm), and a sample of the
printed model with measured dimensions.

Table 2 Optimization conditions for the Cellink Lumen X + (DLP type)
of hydrophilic resin

Bottom layer Normal layer

Layer thickness (pm) 100 100
Exposure time (s) 10 10
Light intensity (mW cm™?) 25 25

was changed following each print run as the colour of the
resin was observed to change and the material properties of
the printed parts showed slight differences if this was not
carried out.

Procedure for the incorporation of lanreotide into hydrogels

A solution of the peptide lanreotide (Scheme 1) was prepared
with 21.93 mg (2 x 107> mol) of lanreotide in 40 mL of DI

=z o
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I
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Scheme 1 Structure of lanreotide used to evaluate the function of the
BAC-hydrogel.
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water and stored in an amber jar at 4 °C. The TCEP-HCI solu-
tion was prepared using 143.3 mg of TCEP-HCI in 50 mL of DI
water and the solution was stored in amber jars at 4 °C before
use.

The printed objects were rinsed three times with 50 ml of
DI water to remove any residual resin adhering to the surface
of the sample, and then the objects were placed in 50 ml of DI
water in an amber bottle for 24 hours to remove the tartrazine
and other water-soluble non-crosslinked materials and to
ensure that the object was at full hydration. The samples were
then dried to remove water from the surface with a clean paper
towel. The cleaned and washed cylinders were treated with
1 ml of 10 mM TCEP-HCI diluted with 2 ml of DI water at
30 °C for 2 hours in order to cleave the disulphide bonds
within the network and subsequently the object was placed in
70 ml of DI water in an amber bottle for a further 24 hours so
as to remove the TCEP from the hydrogel.

Following this, the lanreotide was reacted with the cylinder
by adding 160 pL of 0.5 mM lanreotide solution placed in the
middle of the hole in the cylinder in a 96 well plate, and the
blank reference used was 160 pL of DI water. The UV-Vis
absorption at 4 = 277 nm, which is 4.« for lanreotide, was
monitored over 2 hours. Subsequently, the solution remaining
in the middle of the hole of the cylinder was removed. 160 pL
of fresh deionized H,O was added into the hole and UV was
recorded at 4 = 277 nm for a further 30 min. The third stage
was to remove the deionized H,O from within the cylinder and
160 pL of 10 mM TCEP-HCI solution was added with the UV
recorded at A = 277 nm for a further 2 hours.

The hydrogel cylinder was placed in the UV plate during the
ensuing reaction processes, and 0.5 mM lanreotide solution
was added into the cylinder, while the real working volume
was influenced by the volume of the hydrogel and swelling pro-
perties which would indicate if the path of light had altered.
Corresponding to the Beer-Lambert law equation, if the path
of light through the chamber was changed, this would make
the absorbance change. In order to obtain an accurate
measure of the real path length, the volume was calibrated
which could be proportional to the path of light (ESI 4}). The
initial amount of 0.5 mM lanreotide solution added was
160 pl, by the calibration to get the real working liquid
volume. From the specific volume calculated previously, a new
concentration calibration was obtained. The concentration of
lanreotide was obtained via a calibration using the real
working volume calculated previously (ESI 47).

0.5 mM

Real working volume = X

. A
Real concentration = T
C

Here, k, = volume calibration slope (the same concentration,
the primary function of absorptivity and volume); k. = concen-
tration calibration slope (the same volume, the primary func-
tion of absorptivity and concentration); and A = real
absorbance.
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Instrumentation

UV-Vis absorbance. UV-Vis absorbance was measured using
a BioTek Synergy HTX Multimode Reader from Agilent.
Spectra were recorded from 200 nm to 999 nm with 1 nm
increments.

Differential scanning calorimetry (DSC). Differential scan-
ning calorimetry (DSC Mettler-Toledo DSC 1 STAR System) was
used to determine the thermal properties of the gels. Standard
indium and zinc samples were used to calibrate the tempera-
ture and heat flow. Prior to testing, the gels were dried at 40 °C
for 48 hours and samples weighing approximately 7 mg were
individually weighed. The samples were then equilibrated at
—80 °C for 5 minutes and subsequently the temperature was
increased at 10 °C min~" to 150 °C, and then the samples were
equilibrated at 150 °C for 5 min. The process was repeated two
times, and data were obtained from the second thermal cycle.

Thermogravimetric analysis (TGA). Thermogravimetric data
for the dried gels were obtained using a Thermo-analyser
Systems device (TA-SDT 650). The specimens weighing approxi-
mately 7 mg were weighed individually and heated from 25 °C
to 650 °C at a scanning rate of 8 °C min™".

Reversed-phase high-performance liquid chromatography
(RP-HPLC). The released peptide samples were analysed using
an Agilent 1260 Infinity II LC System with FLD, PDA and DRi
detectors. A reversed phase Kinetex® C18 (5 pm, 2.1 x 50 mm,
Phenomenex, Torrance, CA, USA) column was used for HPLC
separation with a mobile phase consisting of water (A) and
acetonitrile (B), both of which contained 0.1% formic acid.
The flow rate was 0.4 mL min~" and the injection volume was
5 pL. The following elute system was used: 10 — 90% B at
0-2.0 min; 90 — 10% B at 2.0-4.0 min and the completed time
is 6 min.

Determination of the degree of swelling. The printed parts
were stored in an excess of water for 48 h to reach the fully
swollen/hydrated state and then kept in a desiccator at 40 °C
for a further 48 h to allow for complete drying/water loss. The
mass of the as-printed, fully hydrated and dried objects was
measured, and the ratios were used as a normalization
measure to evaluate the degree of swelling.

Results and discussion

When the printed cylinders were first swollen/hydrated in
water from the as-printed state, there were no obvious trends
observed by the eye by varying the amounts of either BAC or
PEGDA in the formulations. This was ascribed to the fact that
the as-printed objects were partly swollen with unreacted resin
already prior to incubation in water. The exchange between
water and uncrosslinked soluble monomers made the swelling
characteristics at this point complex and analysis difficult. An
observation was that the difference between the weights of the
cylinders reduced as the [PEGDA]: [BAC] increased, ascribed to
the increasing role of PEGDA in the crosslinked network and
thus the crosslink densities within the cylinders were similar
(Fig. 2). Then from the completely hydrated to the dry states

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Degree of swelling for samples A/B/C/D/O-1/2/3 compared with
full hydration for 24 hours following printing. Top: grouped by the same
BAC content and varying PEGDA contents in the x-axis; bottom:
grouped by the same PEGDA content and varying BAC contents in the
X-axis.

the higher the content of PEGDA or BAC, with the counterpart
remaining at the same concentration, the lower the degree of
swelling was observed, Fig. 3.

The hydrogel became softer after full hydration, the degree
of swelling is the mass ratio of the completely swollen hydrogel
to the sample mass and the change in the dimension of the
hydrogel cylinder was calculated.

The degree of swelling of all formulations (Table 3) was
important in the formulation to ensure that the printed cylin-
ders fit in a plate reader for the designed experiment. The
degree of swelling increased with a decrease in the concen-
tration of PEGDA. At this level of swelling/hydration the
swollen cylinders were suitable for use in the experiments. As
the molar concentration of the disulphide crosslinker BAC is
lower than that of PEGDA, the degree of swelling has no real
significant change until it is >1 w/w%.

Release of tartrazine from the printed cylinders

Tartrazine is used to improve the print resolution by suppres-
sing the spread of the irradiation during printing via reducing
scattering and increasing localised absorption. The UV spec-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The degree of swelling of cylinders A/B/C/D/O-1/2/3 compared
with full hydration for 24 hours following drying at 30 °C for 48 hours.
Top: grouped by the same BAC content and varying PEGDA contents in
the x-axis; bottom: grouped by the same PEGDA content and varying
BAC contents in the x-axis.

trum of tartrazine shows A, = 257 nm and 426 nm. The A,ax
value of lanreotide = 277 nm of the residual tartrazine would
interfere with the analysis and thus it was essential to remove
the tartrazine prior to the measurement of reversible peptide
conjugation. The UV-vis absorption of tartrazine in DI water is
stable over 5 hours (ESI 3}) and the hydrogel was first incu-
bated in a large excess of DI water for 5 h followed by changing
the water and further incubation overnight. The amount of tar-
trazine released (Fig. 4) over 5 hours is calculated in Table 4.
Following this the sample was washed to remove any residual
material from the surface.

Glass transition temperature measurement

An increase in the amount of BAC or PEGDA in the formulated
hydrogel resulted in a decrease in the glass transition tempera-
ture (T,) (Fig. 5). Using PEGDA with M, = 700 and T, = —24 °C
and PHEA with T, ~ =10 °C from the literature,""** the T,
value of the blank sample (0-1/2/3) was found to be between
the PEGDA and HEA homopolymer values, which decreases
with an increase in the PEGDA content.

RSC Appl. Polym., 2024, 2, 415-425 | 419
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Table 3 Degree of swelling of all hydrogel formulations

View Article Online

RSC Applied Polymers

Decreasing BAC content

A-X B-X C-X D-X F-X H-X 0-X
Decreasing PEGDA content Y-1 2.54 2.58 2.77 2.79 2.90 2.89 2.90
Y-2 2.77 2.46 2.49 2.58 — 2.71
Y-3 2.23 2.40 2.44 2.46 2.47 2.54
Y-4 — — 2.23 — 2.28 2.30 —
Y-5 — — 2.06 — — —
Y-6 — — 1.83 — 1.84 1.88 —
—— 0.1 mg/mL —— 0.2 mg/mL —— 0.3 mg/mL —— 0.4 mg/mL —— 0.5 mg/mL 1 5
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Fig. 4 Absorption of 160 pL tartrazine solution from 200 nm to 600 nm M f PEGDA/
with concentration gradients of 0.1, 0.2, 0.3, 0.4, and 0.5 mg ml™2. ass o 9

Table 4 Total amount of tartrazine released in 5 hours from printed
cylinders of formulation (A/B/C/D-1/2/3)

Series

PEGDA A-X B-X C-X D-X

Y-1 0.072 mg 0.031 mg 0.036 mg 0.033 mg
Y-2 0.059 mg 0.032 mg 0.034 mg 0.042 mg
Y-3 0.061 mg 0.029 mg 0.030 mg 0.037 mg

In comparison with the other series with BAC as the cross-
linking agent (A/B/C/D), wherein the direct measurement of T,
of the BAC homopolymer is difficult due to the reversible di-
sulfide exchange at elevated temperature, it was expected that
the hydrogen bonding introduced by polyacrylamide along
with the rigid crosslinking should increase T,. Indeed, a
higher T, value was observed as the BAC content increased
with the same PEGDA content, ESI Table 2.1

Evaluation of the thiol exchange kinetics

The printed parts were incubated with a TCEP solution for
24 h and the residual TCEP solution was removed by washing
with DI water for a further 24 h. The parts were then trans-
ferred to a 96 well plate for UV monitoring and 160 mL of
0.5 mM lanreotide solution was added to the hole within the
cylinders, allowing for monitoring of the UV spectrum through
the hole in the plate reader. The absorbance at A = 277 nm was

420 | RSC Appl. Polym., 2024, 2, 415-425

Fig. 5 T, (DSC) of series A/B/C/D/O-1/2/3. Grouped by the same BAC
content and varying PEGDA contents in the x-axis (A: 240 mg, B:
160 mg, C: 80 mg, D: 40 mg and O: 0 mg BAC).

monitored over 2.5 h. Subsequently, a portion of the solution
was removed and replaced with 160 mL of 10 mM TCEP solu-
tion. This leads to the release of lanreotide via disulphide
reduction as monitored by the change in absorbance at
277 nm. The coupling and release studies were first validated
by three repetitions using F-5 as an example, and it demon-
strated good repeatability in both processes (Fig. 6).

Then, the effect of BAC in this process was evaluated by
comparing the controls with the resin without BAC (0-1/2/3)
and with BAC (D-1/2/3). In the absence of BAC, the uptake of
lanreotide was incomplete over the 180 min monitoring
period, with a maximum of 74% uptake in the least cross-
linked material (O-1). This process exhibited 2 stages with a
rapid decline in the absorbance observed over the first 60 min
followed by a more gradual reduction in the second stage. A
total of 90% lanreotide uptake was observed within 60 min
regardless of the crosslink density (Fig. 7).

Thus, the release profiles with a concentration of <0.1 mM
in all cases showed no significant differences with changes in
the crosslink density without BAC. In the presence of BAC, the
released lanreotide remained >0.5 mM and approximately
twice as much as in the control at all crosslink densities
studied. Thus, BAC allows for the conjugation of lanreotide via

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Three repetitions of lanreotide uptake and release profiles for
the repeatability test using F-3 as an example.
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Fig. 7 [Lanreotide] vs. time of A-1 (blue), A-2 (orange), A-3 (green) and

the control without BAC O-1 (red), O-2 (purple) and O-3 (brown). The
first 180 min shows the uptake process followed by the addition of
0.5 mM lanreotide solution to the well and the latter 180 min shows the
release process followed by the addition of 10 mM TCEP solution.
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covalent bond formation and uptake is not only by physical
absorption.

The effect of the BAC content on the materials properties is
relatively complicated due to the considerations of the cross-
link density and re-conjugation via dynamic thiol disulfide
exchange, especially the decrease in the [lanreotide] in the
second stage (Fig. 8). Whilst the effect of BAC on this process
of the release cannot be explained by simple diffusion theory,
it is clear that both the quantity of uptake and release of lan-
reotide is significantly enhanced by the incorporation of a dis-
ulphide containing BAC crosslinking agent.

Thus, no significant change in the uptake and release pro-
files was due to the high [BAC]: [Lanreotide] and low crosslink
density with the effect of the hydrogel pore size being
minimal. To understand the peptide uptake and release pro-
cesses in terms of both the crosslinking density and BAC
content similar parts were printed in the absence of HEA as
the diluent monomer (PEGDA-blank and E-1).

The uptake and release profiles of PEGDA-blank (no BAC)
and E-1 (2 mg BAC) are shown in Fig. 9. Firstly, the lanreotide
concentration reduces rapidly in the presence of BAC due to
covalent incorporation via disulphide bonds (E-1) whilst
decreasing at a slower and more linear way in the absence of
BAC (PEGDA-blank) over the first 15 min due to non-covalent
interactions. This suggests that lanreotide predominantly con-
jugates via covalent bond formation at the -SH groups.
Following this 15 min induction period, the lanreotide
concentration gradually declined in the absence of BAC
(PEGDA-blank) suggesting that lanreotide was still able to
diffuse into the printed object even with a higher crosslink
density.

Compared to the low-crosslinked materials in the absence
of BAC (0-1/2/3; 5:1.0/1.2/1.5 w/w of HEA:PEGDA700), the
rate of lanreotide uptake increases with a corresponding
decrease in the crosslink density (PEGDA:HEA) (Fig. 10),
ascribed to easier diffusion through the looser network and
smaller pore size. The release from all non-BAC containing
samples is much more modest due to the lack of disulphide
conjugation of lanreotide thus not susceptible to cleavage via
TCEP reduction.

0.5
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* D2
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e o
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Fig. 8
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time/ min

time/ min

[Lanreotide] vs. time of (Series-1 (left)/2 (middle)/3 (right)-A (blue)/B (orange)/C (green)/D (brown)/O (purple)). The first 180 min shows the

uptake process followed by the addition of 0.5 mM lanreotide solution to the well and the latter 180 min shows the release process followed by the

addition of 10 mM TCEP solution.
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Fig. 9 [Lanreotide] vs. time of crosslinked PEGDA only F-5 (blue) with

BAC and PEGDA-blank (orange) without BAC. The first 150 min refers to
the uptake process followed by the addition of 0.5 mM lanreotide solu-
tion and the subsequent 180 min shows the lanreotide release followed
by the replacement of the solution with 10 mM TCEP solution.
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Fig. 10 [Lanreotide] vs. time of samples without BAC at different cross-

link densities: PEGDA-blank (blue), O-1 (orange), O-2 (green) and O-3
(brown). The first 150 min refers to the uptake process followed by the
addition of 0.5 mM lanreotide solution and the subsequent 180 min
shows the lanreotide release followed by replacing the solution with
10 mM TCEP solution.

It seems that the uptake of lanreotide into the printed
object can occur via at least two pathways. Initially, lanreotide
reacts with the free thiols from the reduced BAC on the surface
of the printed object in a rapid process that is governed by the
BAC concentration in the formulation and is largely indepen-
dent of the crosslink density. The series with a lower content
of BAC, F-1/2/3/4 (5:1/1.5/2/5 HEA:PEGDA), shows two
different release steps (Fig. 11 top). In the first 30 min, the rate
of lanreotide release is independent of the crosslinker concen-
tration, attributed to the rapid release from the surface and
the crosslink density is negligible for this process.
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Fig. 11 [Lanreotide] vs. time of F-1/2/3/4 (top) and F (solid line)/H

(dotted line)-1/3/4 (bottom) to compare the effect of the BAC content
on the uptake process (F: 2 mg BAC, H: 0.2 mg BAC). The first 150 min
refers to the uptake process followed by the addition of 0.5 mM lanreo-
tide solution and the subsequent 180 min shows the lanreotide release
followed by replacing the solution with 10 mM TCEP solution.

Subsequently, diffusion-controlled release within the
printed object predominates, and the crosslink density affects
this process. The rate of release of lanreotide surprisingly
increases at a higher crosslink density. We offer the expla-
nation that despite similar uptake profiles, the diffusion of
lanreotide inside the hydrogel/printed object is different with
a different crosslink density. As the crosslink density is
reduced lanreotide migrates faster into the core of the part via
both diffusion and thiol-disulfide exchange, and the lanreo-
tide accumulated at the surface is reduced. As a result, in the
release process the initial rapid release from the surface is
more significant and the total released lanreotide is the
maximum at the highest crosslink density studied.

When compared to the effect of the BAC content (Fig. 11
bottom), F-1/2/3 (0.2 mg BAC) vs. H-1/2/3 (0.2 mg BAC), while
the uptake process occurs at a very similar rate, the amount of
lanreotide released was higher at a higher BAC content. It
seems that the higher the BAC content more lanreotide conju-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gates to the hydrogel printed part and is subsequently released
upon reduction with TCEP. Moreover, the release profile at a
lower BAC content shows a more complex “wave” feature which
seems to somewhat self-correct. This is ascribed to a time lag
between the surface and bulk release becoming larger at lower
[BAC]. Initially, the release from the surface predominates over
from the bulk material, and this was more pronounced at low
[BAC]. The wave-like feature diminishes as the time lag by the
diffusion from the core to the surface is overcome.

To decouple the absorption by physical diffusion and actual
chemical conjugation, the highest crosslink density material
(E-1) was chosen (Fig. 12). It was expected that in the non-
treated printed part the absorption and release of lanreotide
were both predominant via diffusion, whereas the TCEP-
treated sample absorbed lanreotide via both chemical conju-
gation and diffusion. To validate this, the hydrogel treated
with TCEP showed complete absorption of lanreotide and then
water and TCEP solution were added to two identical TCEP-
treated hydrogels to determine whether the lanreotide was
chemically conjugated.

No lanreotide was released by the addition of water, as con-
trasted to the blank where free lanreotide in solution by
diffusion was detected, suggesting that the lanreotide was
chemically conjugated to the printed part. Only when TCEP
solution was added, the release of lanreotide was significantly
increased relative to the non-treated sample, again suggesting
that the lanreotide was predominantly absorbed by the hydro-
gel via chemical bonding instead of physical swelling. This
also gives insight into the uptake mechanism that while the
diffusion of lanreotide into the hydrogel assisted its uptake
significantly, the lanreotide was eventually conjugated to the
printed part via thiol-disulfide exchange once it reached
inside the hydrogel.
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Fig. 12 [Lanreotide] vs. time of E-1 pretreated with water (blue); E-1

pretreated with TCEP solution (orange and green). The first 180 min
show the uptake process by adding 0.5 mM lanreotide solution to the
well and the latter 180 min show the release process followed by the
addition of 10 mM TCEP solution (blue and green) or water (orange).

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Then water was added to evaluate the release of free lanreo-
tide. Although unbound lanreotide was now detectable at this
low BAC content in printed parts and high lanreotide concen-
tration, it only contributed to 10% of the total absorbed lan-
reotide and the rest was released only by the subsequent
addition of TCEP solution. This demonstrated an unexpected
phenomenon that the conjugation of lanreotide surpassed the
theoretical BAC content in the printed parts (Fig. 13). One of
the plausible explanations was the ring opening polymeriz-
ation of lanreotide via a disulfide linkage. This was favoured in
the hydrogel but not in solution owing to the conformational
confinement minimizing the depolymerization by another free
ring-opened lanreotide. However, the mechanism requires
further investigation.

The quantification of thiol groups in the hydrogel was
attempted by the use of Ellman’s reagent. However, this
method involves the reversible thiol-disulfide exchange, and
the reaction kinetics and the equilibrium of the reaction
depend on the thiol type, local concentration, and other
environmental factors, which normally will be corrected by
calibration. For solid samples, it is difficult to prepare a valid
calibration to correct these factors using current well-plate UV
absorption measurement, and this eventually led to inaccurate
quantification from the measured values.

Universality of DLP-printed loading parts

Lastly, the versatility of the thiol-disulfide functionalized
objects via DLP printing was demonstrated. For the chemical
functionality, a preliminary demonstration of the absorption
and release of calcitonin, another cyclic disulfide containing
peptide, was performed using F-3. We successfully demon-
strated the conjugation and redox-triggered release of calcito-
nin enabled by thiol-disulfide exchange, whereas the blank

60
5 e 298 nm
4 300 nm
s 307nm [50 >
44 =4
8 ()]
= ] 40 =
= 3 _“OI
s 4
37 % 2
§e)  \— —30,3.
=
o} . =
© 2 H =
c 20 O
© (O]
.
= o
1 . @®©
10 1
3
04 -0

T T T T T T
50 100 150 200 250 300

time/ min

T T T
350 400 450

o -

Fig. 13 [Lanreotide] and its equivalence to theoretical thiol groups on
H-3 vs. time monitored by the absorbance at 298 nm (blue), 300 nm
(orange) and 307 nm (green). The first 180 min show the uptake process
followed by adding 5 mM lanreotide solution to the well, the next
90 min show the leaching process of free lanreotide followed by the
addition of water, and then the last 180 minutes show the release
process by the addition of 10 mM TCEP solution.
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Fig. 14 Combination and release profiles of calcitonin using blank
(blue) and TCEP-treated (orange) F-3. Fluctuations in the blank were
attributed to the inclusion of gas bubbles during the measurements.

showed insignificant absorption and thus release (Fig. 14).
While similar profiles were observed in calcitonin, there were
certain disparities between calcitonin and lanreotide in the
absolute quantities of the absorbed and released peptides,
which were possibly attributed to the difference in the peptide
structures and the reactivity of the disulfide in the individual
peptide. Overall, it highlighted the adaptability of thiol-func-
tionalized printing for the loading and delivery of various di-
sulfide-containing molecules.

Considering DLP as a processing method, different
complex structures, with internal channels (filled with cochi-
neal solution for clarity), have been printed (Fig. 15). This
demonstrated the capability for DLP printing to manufacture
objects with a tortuous geometry. This signified its potential
applications in scaffolding or implanting where refined archi-
tecture is required.

Fig. 15 Examples of DLP-printed objects with internal channels or a
refined geometry demonstrating their capability for fabricating high
resolution objects.
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Fig. 16 RP-HPLC chromatograms of sample: 0.5 mM Lanreotide (black)
and 0.5 mM Lanreotide with 2equiv. of 0.5 mM TCEP-HCI (blue) and lan-
reotide released following the reaction (green).

Determination of lanreotide release using RP-HPLC

In addition to monitoring the UV-absorption, reverse phase-
high performance liquid chromatography (RP-HPLC) was used
to determine the efficiency of TCEP as a cleaving agent in the
hydrogel system. Fig. 16 shows the chromatograms of lanreo-
tide before (black) and after (blue) treatment with TCEP. After
the cleavage of disulfide by TCEP, the retention time of lanreo-
tide shifts from 3.09 min to 2.91 min with the ring opened
form. Then, the residual solution of A-3 was taken, as an
example, characterized by RP-HPLC (green) and eluted at
2.91 min without traces at 3.09 min, suggesting that the
release of lanreotide was in this ring opened form.
Complementary to the UV data, this further supported the fact
that lanreotide was released by cleavage of THE disulfide
linkage with the printed parts instead of physical leaching.

Conclusion

We demonstrate the successful manufacture of hydrogel objects
with significant quantities of water with good resolution cross-
linked with a disulfide containing crosslinker using DLP 3D print-
ing. Reduction of the disulfides to thiols followed by subsequent
thiol-disulfide peptide exchange allowed for successful covalent
incorporation of lanreotide (as an exemplar for a peptide contain-
ing a disulphide or free thiol) into these objects. This covalent
binding has been shown to be reversible, and the peptide is
released by a second reduction of the disulfide. The rate of release
can be somewhat controlled by the amount of disulphide groups
incorporated and the total crosslink density. Thus, we believe that
the crosslink density and BAC content can be used to control the
extent of swelling of the hydrogel leading to the control of hard-
ness/softness uptake and release of peptides containing disul-
fides. These materials show potential for the fabrication of devices
and/or implants which are capable of reversible covalent attach-
ment of peptides with different loading and controlled release
properties with prescribed and diverse biological activities.
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