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A B S T R A C T   

Neurotrophic growth factors such as glial cell line-derived neurotrophic factor (GDNF) and brain-derived neu-
rotrophic factor (BDNF) have been considered as potential therapeutic candidates for neurodegenerative dis-
orders due to their important role in modulating the growth and survival of neurons. However, clinical 
translation remains elusive, as their large size hinders translocation across the blood-brain barrier (BBB), and 
their short half-life in vivo necessitates repeated administrations. Local delivery to the brain offers a potential 
route to the target site but requires a suitable drug-delivery system capable of releasing these proteins in a 
controlled and sustained manner. Herein, we develop a cryogel microcarrier delivery system which takes 
advantage of the heparin-binding properties of GDNF and BDNF, to reversibly bind/release these growth factors 
via electrostatic interactions. Droplet microfluidics and subzero temperature polymerization was used to create 
monodisperse cryogels with varying degrees of negative charge and an average diameter of 20 μm. By tailoring 
the inclusion of 3-sulfopropyl acrylate (SPA) as a negatively charged moiety, the release duration of these two 
growth factors could be adjusted to range from weeks to half a year. 80% SPA cryogels and 20% SPA cryogels 
were selected to load GDNF and BDNF respectively, for the subsequent biological studies. Cell culture studies 
demonstrated that these cryogel microcarriers were cytocompatible with neuronal and microglial cell lines, as 
well as primary neural cultures. Furthermore, in vivo studies confirmed their biocompatibility after adminis-
tration into the brain, as well as their ability to deliver, retain and release GDNF and BDNF in the striatum. 
Overall, this study highlights the potential of using cryogel microcarriers for long-term delivery of neurotrophic 
growth factors to the brain for neurodegenerative disorder therapeutics.   

1. Introduction 

In the realm of neurodegenerative disorders, the absence of effective 
disease-modifying treatments stands as a formidable challenge, under-
scoring the pressing need for innovative therapeutic approaches. Neu-
rotrophic growth factors such as glial cell line-derived neurotrophic 
factor (GDNF) and brain-derived neurotrophic factor (BDNF) have 
garnered attention due to their important role in modulating growth and 
repair of neurons in the brain [1,2]. For example, GDNF has long been 
under investigation as a potential therapy for Parkinson’s disease (PD) 

[3]. Moreover, BDNF has been used to guide neuronal differentiation of 
stem cells and stimulate axonal growth as potential therapies for other 
neurological disorders [4]. Growth factors would create a supportive 
environment for the existing neurons, possibly slowing down or stop-
ping the disease progression and relieving some of the symptoms asso-
ciated with PD [5,6]. In addition, the synergistic co-administration of 
growth factors with emerging cell-transplantation therapies could 
potentially support the survival and maturation of grafted cells thus 
maximizing the efficiency of such therapies [7,8]. 

However, growth factors are proteins that have a relatively large 
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molecular weight, making them unable to cross the blood-brain barrier 
(BBB) and reach the target area in the brain. Moreover, they have a short 
half-life in vivo, thus requiring repeat administration. For example, the 
half-life of GDNF is approximately 34 h in cerebrospinal fluid [9] and 
3–4 days in the brain [10]. To address these challenges, several potential 
delivery systems for neurotrophic growth factor delivery have been 
developed in the treatment of PD such as direct infusion of the growth 
factor into the brain and ex vivo gene therapy [11,12]. Nevertheless, the 
issue of delivery and getting a sustained release of growth factors over a 
suitable duration remains one of the main hurdles for their clinical 
translation into a treatment of PD [13,14]. 

One approach that has been widely investigated is using injectable 
polymeric biomaterials as controlled delivery systems to protect the 
encapsulated growth factors and release them slowly over time within 
the diseased region of the brain [15,16]. Among these biomaterials, 
microspheres have emerged to improve growth factor delivery to the 
brain. For example, Garbayo et al. demonstrated the neuroprotective 
effect of GDNF-PLGA microspheres in rat [17] and monkey [18] models 
of PD. They reported that a sustained GDNF level in the brain provided 
motor improvement and dopaminergic function restoration. In vitro 
release studies of the neurotrophic factor with rodent models indicated 
that around 70% of the total GDNF was released within 40 days. While 
in the monkey model, a total of around 80% of GDNF was released 
within 20 days followed by ~10% being released slowly over the 
following 40 days. One shortcoming of microsphere-based systems is 
therefore the initial burst release where the protein diffuses rapidly 
through the polymer within the first days [19]. 

Hydrogel biomaterials have also been used extensively to deliver 
growth factors to the brain. For instance, Moriarty et al. demonstrated 
that encapsulating grafts of cells obtained from the embryonic ventral 
mesencephalon (VM) in a GDNF-loaded collagen hydrogel resulted in 
increased survival of dopaminergic neurons in the graft, enhanced 
striatal reinnervation, and improved motor function in 6-OHDA lesion 
rats [7,20]. However, due to the highly porous/hydrated nature of the 

hydrogel alongside the partial enzymatic degradation of the hydrogel, 
GDNF is released quickly, with significant depletion of GDNF in the rat 
striatum by day 4 post-transplantation [20]. 

Designing new delivery systems to control growth factor release 
locally in the brain is still challenging. Herein, we investigate the use of 
cryogel microcarriers. Cryogels are a class of biomaterial characterized 
by a macroporous structure and shape-memory properties [21]. They 
can be soft and spongy, but also robust, and reversibly hydrated/dehy-
drated without losing mechanical integrity making them a suitable 
injectable material for brain drug delivery [22]. Cryogelation is a simple 
strategy that allows the formation of interconnected macroporous cry-
ogels by the crosslinking polymerization of monomers in a frozen sol-
vent, usually water, at sub-zero temperatures [23]. Ice crystal formation 
serves as a porogen (pore forming agent) during polymerization. The 
physicochemical and mechanical properties of cryogels can be 
controlled by changing several parameters of the cryogelation process 
such as the freezing temperature/rate, initiator used, and the monomer 
type and content [24]. Therefore, cryogels can be produced with a broad 
variety of morphologies and properties to suit a particular application. 

Since GDNF and BDNF both show heparin binding properties 
[25,26], we proposed that they could be delivered through affinity- 
based binding to a cryogel delivery system. In this work, we postu-
lated that by mimicking heparin, negatively charged synthetic cryogel 
microcarriers would be able to bind GDNF/BDNF electrostatically and 
reversibly, releasing them in a controlled manner over months. We hy-
pothesized that we could not only control release rates via tailoring the 
charges, but such a system would also hold the potential to be reload-
able/refillable. We aimed to develop a platform technology for the 
controlled local delivery of growth factor to the brain from which novel 
therapeutic entities can be developed. 

Negatively charged cryogel microcarriers were produced from 3-sul-
fopropyl acrylate (SPA) and poly (ethylene glycol) diacrylate (PEGDA) 
via a microfluidic device. GDNF and BDNF could be loaded to the 
microcarriers and released in a controlled manner over weeks and 
months. The microcarriers could also be refilled with GDNF to continue 
releasing the protein with a similar profile to that of the first release 
analysis. The microcarriers were cytocompatible towards neuronal, 
microglial and primary neuron cell types in vitro, and were also 
biocompatible after intra-striatal injection into the healthy rat brain. 
Finally, microcarriers delivered both GDNF and BDNF to the sur-
rounding brain parenchyma 14 days post-administration by which time 
neurotrophins injected without a delivery system were no longer 
detected. A diagram depicting the process of the overall study is shown 
in Fig. 1. 

Fig. 1. Schematic illustration/overview of the experimental approach to synthesis of SPA cryogels microcarriers to be used for in vitro release analysis and biological 
studies in vitro, and in vivo, Created with BioRender. 

Table 1 
Composition of the various ratio of PEGDA:SPA (10% w/v) used for cryogel 
synthesis in a final volume of 1 mL.  

% of SPA content in cryogel microcarrier Molar ratio, 
(SPA: PEGDA) 

PEGDA (g) SPA (g) 

5% 0.053:1 0.0983 0.0017 
20% 0.25: 1 0.0923 0.0077 
40% 0.66: 1 0.082 0.018 
60% 1.5: 1 0.067 0.033 
80% 4: 1 0.043 0.057 
95% 19: 1 0.0137 0.0863  
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2. Materials and methods 

2.1. Cryogel microcarrier preparation 

A water-in-oil emulsion was used to create sulfonated cryogel 
microcarriers. The first step was to form droplets then crosslink them at 
sub-zero temperatures to produce porous cryogels. The precursor/pre- 
polymer solution, containing polyethylene glycol diacrylate (PEGDA, 
Mn 700, from Merck # 455008) and 3-sulfopropyl acrylate potassium 
salt (SPA, from Merck # 31098–20-1) were mixed at differing molar 
ratios as shown in Table 1 below accompanied with 2 mg/mL of a 
PEGylated Irgacure 2959 (synthesized via the previously published 
protocol [27]) as a photoinitiator, and 0.05% v/v of iFluor™ 647 mal-
eimide (Stratech # 1131944) solution of 10 mg/mL (stored at − 20 ◦C) as 
a fluorescent probe. All components were dissolved in deionized water 
and vortexed to be used as the discontinuous phase (water phase). The 
continuous phase (oil phase) was formed using home-made per-
fluoropolyether-polyethylene glycol (PFPE-PEG-PFPE), (an ABA triblock 
copolymer surfactant as described in [28]) (2% w/v) acting as a sur-
factant in Novec™ 7500 hydrofluoroether engineered fluid (HFE-7500, 
3 M™, Fluorochem Limited # F051243-1KG). A microfluidic device 
(Fluidic 947, Microfluidic ChipShop, Germany # 10001336) with a T- 
junction size of 20 μm was used to generate droplets. Both discontinuous 
and continuous solutions were transferred into 3 mL syringes with 
needles. These syringes were connected by polyethylene tubes in com-
bination with a silicone sleeve that connected via Male Mini Luer fluid 
connectors to each of the inlets of both phases on the microfluidic de-
vice. The soft silicone sleeves allowed interconnection of relatively hard 
tubing with the Mini Luer fluid connectors. The flow rate was set at 400 
μL/h for the continuous phase and 150 μL/h for the discontinuous phase 
using syringe pumps (Landgraf Laborsysteme LA30). Then, the resulting 
emulsion was collected and immersed into a − 60 ◦C ethanol cooling 
bath unit overnight (temperature control achieved via a Huber, 
TC100E). The falcon tubes containing the emulsion droplets were sub-
merged on an equal level and a magnetic stirrer was used to circulate the 
ethanol for more uniform temperature distribution. The next day, the 
frozen droplets were irradiated with UV light (Omnicure S1500, Exce-
litas, 23 W/cm2, 365 nm) within the cooling bath for 3 min to allow the 
crosslinking of the droplets and formation of cryogel microcarriers. 

2.2. Cryogel microcarrier purification 

The purification method was adapted from M.J. Männel et al. [26]. 
Initially, the collection solution that contained the ABA surfactant dis-
solved in HFE-7500 was removed from the bottom of the tube. 300 μL of 
a demulsification solution composed of 20% v/v 1H,1H,2H,2H-per-
fluoro-1-octanol (PFO, Merck # 370533-25G) dissolved in HFE-7500 
were added to break the emulsion that had been formed. Then, the 
PFO solution was removed and replaced with another 300 μL of fresh 
PFO solution (three washing steps). Next, to remove PFO from the so-
lution, three washing steps were done using HFE-7500 oil only. Then, 
the samples were resuspended in 300 μL water to prevent the aggrega-
tion of cryogels. To completely get rid of the oil within the samples, 
three washes were done with 1 mL acetone (Fisher Scientific 
#10162180). After that, the samples were washed with ethanol (Fisher 
Scientific #10437341) three times. To determine the final concentration 
of the cryogel microcarriers in suspension, a small volume was removed 
and dried in a pre-weighed 1.5 mL centrifuge tube. This sacrificed (and 
later discarded) amount gave the mass of cryogels in a known volume, 
therefore determining the concentration of the stock suspension. Finally, 
the cryogels were washed three times with deionized water and kept in 
as suspension in water. 

2.3. Cryogel microcarrier characterization 

The samples were analyzed before and after the cryogelation via light 

microscopy (Zeiss Primovert) which was equipped with a 10× and 20×
objective and a Phantom Miro C110 high-speed camera. Images were 
taken using the Phantom Camera Control (PCC) software, version 2.8, 
and then characterized using FIJI ImageJ (National Institutes of Health, 
NIH) software for size measurement. The size distribution was calcu-
lated via measuring the diameter of 100 cryogel microcarriers. Cryogels 
were fluorescently labeled with iFluor™ 647 maleimide during the 
cryogel microcarrier synthesis. Confocal laser scanning microscopy 
(Leica TCS SP5) with 633 nm lasers was used to visualize the cryogel 
microcarrier’s size and pore structure in the hydrated state. Images were 
taken with either 20× air objective, 40 × 1.25NA oil objective, or 100 ×
1.4NA oil objective. Fourier transform infrared spectroscopy (FTIR, 
IRSpirit Shimadzu) of cryogel microcarriers was obtained in the 
800–2000 cm − 1 frequency range (MCT-detector, resolution = 4 cm-1, 
100 scans per measurement). The spectrum of the PEGDA and SPA 
monomers was used as a reference. 

2.4. Growth factor loading and release analysis in vitro 

Cryogel microcarrier loading was performed in protein LoBind 
Eppendorf tubes (Fisher Scientific # 10708704). First, all tubes were 
blocked using a blocking solution (PBS +1% bovine serum albumin 
(BSA) + 0.04% ProClin™ 300, Sigma # 48914-U) for at least two hours 
to prevent protein adsorption. Loading solutions were prepared to 
contain either 100 ng, 500 ng, 1000 ng, or 2000 ng of GDNF (Human 
GDNF, Cambridge Bioscience # GFH2–100) or BDNF (Human BDNF, 
Cambridge Bioscience # GFH1–100) in 1 mL of PBS with 0.1% BSA. The 
required amount and type of cryogel microcarriers was added into each 
tube by creating a stock dispersion of the microcarriers in PBS and 
dividing it accordingly into each tube and kept at room temperature 
overnight to allow the growth factor to bind to cryogels. Tubes con-
taining GDNF or BDNF solutions alone (without microcarriers) were also 
left at room temperature for the same time as a control for the possibility 
of protein degradation during the loading time. The next day, all tubes 
were centrifuged at 1300 rpm for 2 min and 900 μL of GDNF or BDNF 
loading solutions were removed (the remaining 100 μL at the bottom 
contained the loaded microcarriers) to be analyzed via ELISA to deter-
mine the concentration of protein remaining in the solution. Protein 
loaded = total protein added (control) - protein remaining. 

To start the release study, the loaded microcarriers in the remaining 
100 μL at the bottom of each tube were washed four times to remove any 
unbound protein by adding 900 μL release medium (PBS with 0.1% BSA 
to mimic competing protein binding which may occur in vivo) and 
centrifugation at 1300 rpm for 5 min. After washing, 900 μL fresh 
release medium was added and all tubes were incubated at 37 ◦C. 
Samples were collected at each time point by centrifugation at 1300 rpm 
for 2 min and removing 900 μL of the release medium and adding 900 μL 
fresh medium (the amount of GDNF or BDNF in the remaining 100 μL 
has been subtracted in the analysis). All samples and controls were 
stored at − 20 ◦C until analysis of the GDNF or BDNF content via ELISA, 
which was performed according to the manufacturer’s specification. An 
appropriate sample dilution was done for each sample to fit within the 
range of the assay. ELISA kits were purchased from R&D Systems, 
Human GDNF DuoSet ELISA #DY212, Human BDNF DuoSet ELISA # 
DY248 and DuoSet ELISA Ancillary Reagent Kit 2 #DY008. 

2.5. Cytocompatibility analysis in vitro 

Prior to performing the in vivo studies, in vitro cell culture studies 
were conducted to determine the cytocompatibility of PEGDA-SPA 
cryogels. This was assessed using alamarBlue® cell viability assay on 
cultures of human neuronal (SH-SY5Y) cell lines, human microglial 
(HMC3) cell lines, and rat primary neural cultures (embryonic day 14 
(E14) ventral mesencephalon (VM)). Cells were cultured alone, with 
unloaded cryogels, with GDNF-loaded cryogels (using 80% SPA) or with 
BDNF-loaded cryogels (using 20% SPA), and the viability was assessed 

A. Hakami et al.                                                                                                                                                                                                                                



Journal of Controlled Release 369 (2024) 404–419

407

up to Day 10. All in vitro analyses were carried out by an experimenter 
who was blind to the treatment of the cells. 

2.5.1. Cell culture and viability analyses 
SH-SY5Y cells were cultured in 1:1 Dulbecco’s modified Eagle’s 

medium/Nutrient mixture F-12 Ham containing 10% FCS, 1% peni-
cillin/streptomycin and 1% L-glutamine at 37 ◦C with 5% CO2. HMC3 
cells were cultured in Dulbecco’s modified Eagle’s medium – high 
glucose containing 10% FCS and 1% penicillin/streptomycin at 37 ◦C 
with 5% CO2. VM cells were plated and cultured in Dulbecco’s modified 
Eagle’s medium/ Nutrient mixture F-12 Ham, 0.6% D-glucose, 1% L- 
glutamine, 1% FCS and 2% B27 at 37 ◦C with 5% CO2. SH-SY5Y and 
HMC3 were seeded at a density of 30,000 cells per well of a 24 well-plate 
while E14 VM cells were seeded on poly-D-lysine (Sigma) coated 24 well 
plates, at a density of 100,000 cells per well. To determine the cyto-
compatibility of the cryogels, 80% SPA cryogels were first loaded with 
GDNF (500 ng/0.01 mg cryogels) while 20% SPA cryogels were loaded 
with BDNF (500 ng/0.01 mg cryogels) as described above. 0.01 mg of 
unloaded cryogels, GDNF-loaded cryogels or BDNF-loaded cryogels 
were then added to the wells 30 min prior to seeding the cells, and 
viability was assessed using the alamarBlue® assay as previously 
described [29,30] at Days 2, 4, 7 and 10 (SH-SY5Y cultures), Days 1, 2 
and 4 (HMC3 cultures) or Days 1, 2, 3 and 4 (VM cultures) post-plating. 
All data points represent 3 biological replicates per pretreatment group 
(with 3 technical replicates). 

2.5.2. Immunocytochemistry 
To complement the quantitative viability assays, qualitative visual-

ization of the primary neural cultures was also completed at 5 days post- 
plating in the presence or absence of loaded or neurotrophin-loaded 
cryogels using pan neuronal immunocytochemistry (beta-III tubulin) 
counterstained with nuclear staining (DAPI) as previously described 
[20,31]. In brief, VM cultures were fixed with 4% paraformaldehyde for 
30 min, followed by three washes in tris-buffered saline (TBS) with 0.2% 
triton-X-100 for permeabilization. Cultures were then incubated in 
blocking serum (5% bovine serum albumin (BSA) in TBS with 0.2% 
triton-X-100) for 1 h at room temperature, before being subsequently 
incubated with primary antibody (Mouse anti-beta III tubulin, 1:200, 
Millipore) diluted with 1% BSA in TBS with 0.2% triton-X-100 at room 
temperature overnight. Following 3 × 10 min washes with TBS, cultures 
were incubated in rabbit anti-mouse AF 488 conjugated secondary 
antibody (1:1000, Biosciences) in 1% bovine serum albumin in TBS, at 

room temperature for 3 h in darkness. Cultures were then counterstained 
with DAPI (1 μg/mL in TBS, Sigma) for 5 min. Following 3 × 10 min 
washes in TBS, cultures were stored in 0.1% TBS azide at 4 ◦C until 
image capture on an EVOS M7000 microscope (Invitrogen / Thermo 
Fisher Scientific). 

2.6. In vivo analysis of biocompatibility and local growth factor delivery 

An in vivo study was then undertaken to determine the biocompati-
bility of the cryogels after implantation into the brain, as well as their 
ability to deliver neurotrophins to, and retain neurotrophins in, the 
striatum (Fig. 2). Female Sprague Dawley rats (n = 36) were randomly 
assigned to receive bilateral intra-striatal implants of either vehicle, 
unloaded cryogels, neurotrophins-alone or neurotrophin-loaded (GDNF 
& BDNF) cryogels. Rats were sacrificed at Days 1, 7 and 14 post- 
implantations (n = 6 per group per time point) for post-mortem immu-
nohistochemical analysis of biocompatibility (microgliotic and astro-
cytic response to the implant), as well as GDNF and BDNF delivered to/ 
retained at the implant site and released into the peri-implant region. All 
in vivo analyses were carried out by an experimenter who was blind to 
the treatment of the animals. 

2.6.1. Animals 
All experiments involving the use of animals for procedures and cell 

preparations were performed in compliance with the European Union 
Directive 2010/63/EU and Irish S⋅I No. 543 of 2012, were completed 
under Project and Individual Authorisation by the Irish Health Products 
Regulatory Authority and were approved by the Animal Care and 
Research Ethics Committee at the University of Galway. For primary 
neural cultures, time-mated female Sprague-Dawley rats (n = 6) were 
sourced from Janvier Labs, France, anaesthetized using isoflurane 
gaseous anesthesia (5% in O2) and decapitated. The uterine horns were 
then obtained via laparotomy, the VM micro-dissected from each E14 
embryo, and singe cell suspensions for cell culture prepared as previ-
ously described [32]. For the in vivo study, female Sprague Dawley rats 
(n = 36; weighing 250–275 g on arrival) were sourced from Janvier 
Labs, France. Animals were housed in groups of three per cage, on a 
12:12 h light/dark cycle, at 19–23 ◦C, with relative humidity levels 
maintained between 40% and 70%. For the duration of the experiment, 
animals were allowed food and water ad libitum. 

Fig. 2. Experimental design for biological studies in vivo. The in vivo biocompatibility of the cryogels, as well as their ability to deliver neurotrophins to the brain was 
then assessed by implanting them into the rat brain, and assessing neuroinflammatory and neurotrophin immunostaining at Days, 1, 7 and 14 after implantation, 
Created with BioRender. 
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2.6.2. Stereotaxic surgery 
Female Sprague Dawley rats (n = 36) were randomly assigned to 

receive bilateral intra-striatal implants of either vehicle (Dulbecco’s 
modified Eagle’s medium/ Nutrient mixture F-12 Ham, 0.6% D-glucose, 
1% L-glutamine, 1% FCS and 2% B27), unloaded cryogels (0.01 mg each 
of 80% SPA and 20% SPA per transplant), neurotrophins-alone (500 ng 
each of GDNF & BDNF per transplant), or neurotrophin-loaded cryogels. 
All surgeries were performed under isoflurane anesthesia (5% in O2 for 
induction and 2% in O2 for maintenance) in a stereotaxic frame with the 
nose bar set at − 2.3 as previously described [20,33]. The striatum was 
infused at coordinates Antero-Posterior (AP) = 0.0, Medial-Lateral (ML) 
±3.7 (from bregma) and Dorsal-Ventral (DV) − 5.0 below dura. Infusions 
were completed at a total volume of 6 μL at a rate of 1 μL/min with a 
further 2 min allowed for diffusion. Animals were then sacrificed at Days 
1, 7 and 14 by terminal anesthesia (50 mg/kg pentobarbital intraperi-
toneal (i.p.)) and transcardial perfusion with 100 mL heparinized saline 
followed by 150 mL of 4% PFA. Brains were rapidly removed and placed 
in 4% PFA overnight before being cryoprotected in 25% sucrose 

solution. 

2.6.3. Immunohistochemistry 
Serial coronal sections (30 μm) were cut using a freezing stage sledge 

microtome (Bright, Cambridgeshire, UK) and free-floating immunohis-
tochemistry for microgliosis (cd11b), astrocytosis (glial fibrillary acidic 
protein (GFAP)), GDNF and BDNF was performed as previously 
described [33,34]. In short, endogenous peroxidase activity was 
quenched using a solution of 3% hydrogen peroxidase and 10% meth-
anol in distilled water. Non-specific binding was blocked using 3% 
normal horse serum (cd11b, GDNF, BDNF,) or normal goat serum 
(GFAP) in TBS with 0.2% Triton-X-100. Primary antibody (Mouse anti- 
cd11b, 1:400, Millipore; Rabbit anti-GFAP, 1:2000, Dako; Mouse anti- 
GDNF, 1:200, R&D Systems; Mouse anti-BDNF, 1:200, R&D Systems) 
was diluted in TBS with 0.2% triton-X-100, added to sections and 
incubated at room temperature overnight. Sections were incubated in 
secondary antibody (Horse anti-mouse, 1:200, Vector; Goat anti-rabbit, 
1:200, Jackson ImmunoResearch) for 3 h at room temperature. A 

Fig. 3. Droplet formation using microfluidic device with flow focusing cross-junction for W/O emulsion formation. (A) Microscopic image of cross-junction site of 
the microfluidic device (Fluidic 947, T junction size = 20 μm) showing the first inlet (blue) for discontinuous phase (monomer precursor solution), the second inlet 
(red) for the continuous phase (oil and surfactant), and the outlet (violet). (B) Monodisperse droplets with an average diameter of 20 μm were produced. (C) Chemical 
structures of prepolymer solution components. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 4. The emulsion templating results in near-monodisperse cryogel microcarrier formation. (A) An overview of the cryogelation technique to create microporous 
structure of PEGDA-co-SPA cryogel microcarriers. 1- Freezing induced ice crystal formation. 2- UV light-initiated photo-polymerization within the non-frozen liquid 
phase formed the polymer network. 3- Thawing reveals the porous structure. (B) Small and monodisperse cryogels were developed (C) with a narrow size distribution 
of 21.2 ± 1.1, (n = 100 from 95% SPA cryogels). (D) Confocal fluorescence microscopy image showing iFluor™ 647 labeled, hydrated cryogel microcarriers. 
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streptavidin-biotin-horseradish peroxidase solution (Vector, UK) was 
subsequently added to sections and allowed to incubate for 2 h. The 
development of staining was carried out using a 0.5% solution of dia-
minobenzidine tetra hydrochloride (DAB, Sigma) in TBS containing 0.3 
μL/mL of hydrogen peroxide. Sections were mounted onto gelatin- 
coated slides, dehydrated in a series of ascending alcohols, cleared in 
xylene and finally coverslipped using DPX mountant (Sigma) for DAB- 
stained sections. 

2.6.4. Image analysis 
The optical density of microgliosis and astrocytosis, as well as GDNF 

and BDNF immunostaining, within and immediately adjacent to the 
implant site, were measured from a 1:6 series of sections. Photomicro-
graphs of three sections along the rostro-caudal axis of the striatum were 
analyzed for mean grey values using ImageJ software and converted into 
optical density (arbitrary units) by applying the following formula: OD 
= log10 (255/mean grey value). Implant volume, and volume of neu-
rotrophin staining, were also measured using cross-sectional areas from 
a 1:6 series of sections, and Cavalieri’s Principle was applied to deter-
mine volume as previously described [35]. Sphere sizes in vivo were also 
measured in neurotrophin immunostained sections (5 cryogels 
randomly measured per rat). 

2.7. Statistical analysis 

Protein loading data are expressed as mean ± standard deviation and 
analyzed using one-way analysis of variance (ANOVA). Cytocompati-
bility and biological studies data are expressed as mean ± standard error 
of the mean and analyzed using 2-way or 2-way repeated measures 
ANOVA as appropriate. Throughout the results text, the main effects 
from the initial ANOVA are cited in the body of the results, while the 
results of the post-hoc analyses are shown on the corresponding figure 
and explained in the figure legend. 

3. Results 

3.1. Synthesis of porous and monodisperse cryogel microcarriers 

Monodisperse emulsion droplets were produced using the Fluidic 
947 microfluidic device (Fig. 3A and B) to serve as templates for cryogel 
production. The droplets contained the monomer (SPA), crosslinker 
(PEGDA), and photo-initiator (PEG-Irgacure 2959) (Fig. 3C). Small 
photoinitiators like Irgacure 2959 tend to diffuse outside the droplets 
into the oil phase due to the hydrophobicity of the generated radicals 
[27]. Therefore, PEGylation of Irgacure 2959 was performed to improve 
the water solubility to retain the free radicals inside the water droplets. 
This consequently improves the polymerization efficiency of the 
monomers ensuring complete crosslinking of the polymer network. 

During the cryogelation process (Fig. 4A), each droplet transformed 
into a cryogel of the same size and shape. As shown in in Fig. 4B and C, 
small and monodisperse cryogels with a narrow size distribution of 21.2 
± 1.1 μm were formed. To analyze how the SPA inclusion affects the 
protein loading/release properties, cryogel microcarriers were fabri-
cated that contained different SPA contents (5%, 20%, 40%, 60%, 80% 
and 95% SPA cryogels). The cryogelation process forms the polymer 
network via UV light induced photopolymerization of PEGDA and SPA 
within the non-frozen liquid phase. The reaction steps for photo-
polymerization are explained in Fig. S1. FTIR spectroscopy analysis of 
all SPA cryogels was performed in comparison to the pure monomers as 
shown in Fig. S2. The results provide evidence of complete covalent 
bonding within the cryogel network and thus no free vinyl groups 
remain in the structure. Confocal laser microscopy showed the mono-
disperse and microporous structure of iFluor™ 647 labeled cryogel 
microcarriers (Fig. 4D). 

3.2. Growth factor loading and release analysis in vitro 

3.2.1. Protein loading into cryogel microcarriers is dependent on SPA 
content 

100 ng of the protein without cryogels was used to test the protein 
stability in PBS with 0.1% BSA at different conditions. The positive 

Fig. 5. Protein loading into cryogel microcarriers is dependent on SPA content. 100 ng of GDNF (A) or BDNF (B) were added to the cryogel microcarriers. ELISA 
analysis of the supernatants the following day showed no GDNF loading to 60% SPA cryogels while 95% cryogels showed the highest loading, whereas all types of 
cryogels were able to load BDNF. n = 3 for all experiments and error bars represent ± standard deviation *P < 0.05 and ****P < 0.0001 via one-way ANOVA. 
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Fig. 6. GDNF loaded to 95% SPA cryogel microcarriers is released slowly for seven months. Different amounts of GDNF (100, 500, 1000, 2000 ng) were added to 
0.01 mg cryogels and the total amount loaded for each amount is shown in the inset figure. Cumulative GDNF release (ng) over 7 months in PBS + 0.1% BSA was 
measured at each time point via ELISA. For 2000 ng GDNF, around 46% of loaded GDNF was released by week 28 (longest time tested), n = 3 for all experiments and 
error bars represent ± standard deviation. 

Fig. 7. 80% SPA cryogel microcarriers can release GDNF over 4 months and can be refilled. Different amounts of GDNF (100, 500, 1000, 2000 ng) were added to 
0.01 mg cryogels (amount loaded in inset graph) and cumulative GDNF release (ng) was analyzed over 9 months. When all the GDNF had been released at week 18 
the 80% SPA cryogel microcarriers were washed 4× with PBS and reloaded (right hand inset graph) with different amounts of GDNF (100, 500, 1000, 2000 ng) 
showing a similar loading amount and release profile as in the first time. n = 3 for all experiments and error bars represent ± standard deviation. 
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control was 100 ng of the protein prepared and measured on the same 
day of the experiment. The detected amount of both 100 ng of GDNF and 
BDNF remained the same after one day at room temperature, one day at 
37 ◦C or one week at 37 ◦C (Fig. S3). Cryogel microcarriers with 5%, 
20%, 40%, 60%, 80% and 95% SPA content were prepared to analyze 
the effect of SPA amount on the protein loading properties of the 
microcarriers. All types of cryogels had the same size and shape 
(Fig. S4). 60% SPA cryogels were unable to load 100 ng of GDNF, but 
80% SPA and 95% SPA cryogels loaded around 45% and 85% of the 
GDNF respectively (Fig. 5A). On the other hand, almost all the 100 ng of 
BDNF was loaded to cryogels with an SPA content of 40% SPA or higher 
(Fig. 5B). 

3.2.2. GDNF release characteristics from 95% SPA cryogels and 
exploration of enhanced release with 80% SPA cryogels in PBS + 0.1% BSA 

Since 95% SPA cryogels (with the highest negative charge) showed a 
high loading capacity, we decided to start using them for the first 
loading/release analysis. Initially, we aimed to determine the minimum 
amount of cryogels that can effectively load GDNF to maximize loading 
efficiency and minimize dead space in the brain during in vivo analyses. 
Thereby, GDNF was added to three different cryogel masses 0.5, 0.1 and 
0.01 mg of 95% SPA cryogels. Fig. S5 shows that even the lowest mass of 
0.01 mg was still able to load different amounts of GDNF. Therefore, 
0.01 mg of cryogels were used for GDNF loading/release studies as well 
as for later in vivo biological studies. After that, different amounts of 
GDNF were added to 0.01 mg of 95% SPA cryogels and a sample was 
taken every week to measure the amount of GDNF released. The results 
demonstrated that GDNF was released very slowly over a period of seven 
months without an initial burst release (Fig. 6). For example, 2000 ng 
GDNF-loaded cryogel released 583 ng (approximately 50% of the loaded 
amount (1270 ng)). 

The release profile of GDNF from 95% SPA cryogels displayed a 
notably slow and sustained trend. To increase the release rate for 
shorter-term applications, our attention turned towards the utilization 
of 80% SPA cryogels that are characterized by less sulfonate groups. In a 
similar way, varying quantities of GDNF were added to 80% SPA cry-
ogels and a sample was taken on a weekly basis to measure the amount 

of GDNF released. Interestingly, GDNF exhibited a gradual and sus-
tained pattern of release over four months until all was released (Fig. 7). 

Having achieved both medium- and long-term release of GDNF, we 
wanted to assess the potential to refill these cryogels, which would un-
lock almost limitless release profiles. The same 80% SPA cryogels were 
washed and reloaded with the same amount of GDNF protein. The 
cryogels were able to rebind to GDNF and release it again. Remarkably, 
both the refill and re-release profiles closely matched that of the initial 
loading/release study for all four loading quantities thus allowing pre-
dictable release refilled systems (Fig. 7). 

3.2.3. BDNF loading and release is highly dependent on the SPA content in 
the cryogels 

The experimental outcomes of BDNF loading and release using 0.1 
mg of 95%, 80%, 60%, 40%, 20% and 5% SPA cryogels with different 
amounts of BDNF are shown in Fig. S6. All loading amounts from 2000 
ng of BDNF were >1600 ng apart from 5% SPA cryogels, which showed a 
substantial decline to approximately only 500 ng (Fig. 8A). The release 
of BDNF was measured for one month, for 95%, 80%, 60% and 40% SPA 
cryogels and two months for 20% and 5% SPA cryogels (Fig. 8B). In 
contrast to GDNF, BDNF was not released from 95% SPA cryogels. Be-
sides, the release from 80%, 60% and 40% was very slow and almost 
none was released over one month. However, decreasing the negative 
charge to 20% or 5% improved the BDNF release rate. It appears that the 
release depends on the charge density of the cryogels, and less negative 
charge caused less electrostatic interaction with the protein hence 
increasing the release rate. We speculate that there may be a threshold 
charge density for strong retention of proteins (i.e. at about 20% SPA in 
the case of BDNF). This might explain why cryogels with 40 and 60% 
SPA content show similar release profiles, whist 20% SPA (and lower) 
exhibits a significant increase in the release rate. 

Specifically, the release of BDNF from 5% SPA cryogels was higher 
(85 ng) compared to 20% SPA cryogels (50 ng) after one week. After 
that, minimal release was observed with 5% SPA cryogels while the 
release from the 20% SPA cryogels was sustained and continuous, 
reaching around 180 ng over two months. This sustained release pattern 
prompted the selection of 20% SPA cryogels to be used for the 

Fig. 8. BDNF loading and release experiment using 5%, 20%, 40%, 60%, 80% and 95% SPA MC. (A) 2000 ng BDNF was added to 0.1 mg cryogel microcarriers 
showing a high loading, >1600 ng for all except 5% SPA cryogels, which showed a substantial decline to approximately only 500 ng. (B) Analysis of cumulative BDNF 
release over one month showed that decreasing the negative charge increased the release of protein. (C) 2000 ng BDNF was loaded to 0.1 mg Vs. 0.01 mg of 20% SPA 
MC and the latter showed less BDNF loading, but (D) a similar release profile. n = 3 for all experiments and error bars represent ± standard deviation. 
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subsequent in vivo investigations. To proceed in vivo, it was crucial to 
establish that the lowest mass, 0.01 mg of 20% SPA cryogel is capable of 
loading BDNF. The results showed a reduction in BDNF loading by 4-fold 
from 1600 ng to 400 ng for 0.1 mg and 0.01 mg respectively. However, it 
is notable that the release profile remained almost unaltered throughout 
the extended observation period of three months as shown in (Fig. 8C). 

3.3. PEGDA-SPA cryogels are cytocompatible with human neuronal cells, 
human microglial cells and rat primary neural cultures 

To confirm their cytocompatibility, 80% SPA microcarriers, empty 
(control) or loaded with 500 ng GDNF, or 20% SPA microcarriers, empty 
or loaded with 500 ng BDNF, were incubated with human neuronal SH- 
SY5Y cells, human microglial HMC3 or rat E14 VM cultures and cell 
viability was measured over time (Fig. 9). The cryogels were fully 
cytocompatible with human neurons and human microglia with no 
difference in viability over time relative to cells incubated alone (Fig. 9 
Ai; Group x Time, F(6, 18) = 0.690, P > 0.05; Aii; Group x Time, F(6, 18) =

1.581, P > 0.05; Bi; Group x Time, F(4, 12) = 0.603, P > 0.05; Bii; Group x 
Time, F(4, 12) = 0.684, P > 0.05). Strikingly, with the primary neural 
cultures, while the non-loaded control microcarriers had no effect on the 

viability, the neurotrophin-loaded microcarriers dramatically increased 
the culture viability of the cultures over time suggesting a functional 
trophic effect (Fig. 9 Ci; Group x Time, F(6, 18) = 9.42, P < 0.0001; Cii; 
Group x Time, F(6, 18) = 8.46, P < 0.001). Visualization of the VM cul-
tures at Day 5 (using immunofluorescence for beta-III tubulin counter-
stained with DAPI nuclear stain, Fig. 9D) confirmed the 
cytocompatibility of the microcarriers. 

3.4. Biocompatibility of PEGDA-SPA cryogels in the rat brain 

After determining the in vitro cytocompatibility of PEGDA-SPA cry-
ogels, we aimed to study their in vivo biocompatibility in the brain. Rats 
were given intra-striatal implants of either vehicle, non-loaded (empty) 
cryogels (0.01 mg each of 80% SPA and 20% SPA per transplant), 
neurotrophins-alone (500 ng each of GDNF & BDNF per transplant), or 
neurotrophin-loaded cryogels and sacrificed at Days 1, 7 and 14 post- 
implantation. Biocompatibility was assessed via analysis of the micro-
gliotic and astrocytic response within, and surrounding, the implant site. 
As expected, the stereotaxic procedure itself, even with administration 
of vehicle alone, induced pronounced microgliotic (Fig. 10) and astro-
cytic (Fig. 11) responses in the striatum. Furthermore, at the earliest 

Fig. 9. Cytocompatibility of PEGDA-SPA cryogels with human neuronal cells, human microglial cells, and rat primary neural (E14 VM) cultures. SH-SY5Y cells, 
HMC3 cells and E14 VM cultures were incubated with 80% SPA cryogels empty (CTL) or loaded with 500 ng GDNF (Ai, Bi, Ci) or 20% SPA cryogels unloaded or 
loaded with 500 ng BDNF (Aii, Bii, Cii). Viability analyses confirmed the cytocompatibility of the cryogels and demonstrated a pronounced trophic effect on the 
primary neural cultures. Visualization of the VM cultures at Day 5 (using immunofluorescence for beta-III tubulin) (D) confirmed a healthy neuronal population in the 
presence of the cryogels. Scale bar represents 150 μm. Data are represented as mean ± SEM of n = 3 biological replicates. ****P < 0.0001, ***P < 0.001 by two-way 
repeated measures ANOVA. 
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time-point (Day 1 after implantation) there was visible damage at the 
injection site in all groups meaning that neuroinflammatory responses at 
the site of injection could not be determined at that time-point. How-
ever, this damage had resolved by Day 7 post-implantation so the effect 
of the cryogels, relative to vehicle administration, could be assessed at 
the later time-points, both within and surrounding the implant site. 

In terms of inflammatory responses to the cryogels within the in-
jection site itself, there was no difference in the density of either 
microgliosis (Fig. 10A: Group x Time, F(3, 39) = 0.28, P > 0.05) or 
astrocytosis (Fig. 11A: Group x Time, F(3, 37) = 0.59, P > 0.05) between 
groups at Day 7 or Day 14, demonstrating that the cryogels, either 
unloaded or loaded with neurotrophins, did not induce any inflamma-
tory reaction over and above that caused by injection of vehicle alone. 
Similarly, when assessing the inflammatory response surrounding the 
injection site, there was no difference in the density of either micro-
gliosis (Fig. 10B: Group x Time, F(6, 60) = 1.58, P > 0.05) or astrocytosis 

(Fig. 11B: Group x Time, F(6, 60) = 1.44, P > 0.05) between groups at Day 
1, Day 7 or Day 14, again demonstrating the biocompatibility of the 
cryogels in vivo in the rat brain. Interestingly, the pronounced microglial 
reaction surrounding the site of injection had largely subsided by Day 7 
in all groups (Fig. 10B: Time, F(2, 60) = 26.62, P < 0.0001) whereas the 
astrocyte density increased in the striatum in all groups (Fig. 11B: Time, 
F(2, 60) = 46.99, P < 0.0001). 

3.5. PEGDA-SPA cryogels as vehicles for delivery of neurotrophins to the 
brain 

After confirming the in vivo biocompatibility of the PEGDA-SPA 
cryogels in the brain, we went on to assess their ability to deliver neu-
rotrophins to, and retain neurotrophins within, the brain. Neurotrophin 
delivery and retention were assessed via analysis of GDNF and BDNF 
immunostaining within, and surrounding, the implant site. As was the 

Fig. 10. Cryogels elicit no additional microglial response in the rat brain compared to a vehicle alone injection. The biocompatibility of the implanted cryogels was 
assessed by measuring the optical density of striatal microgliosis at the implant site at Days 7 and 14 post-implantation (A), and in the peri-implant region at Days 1, 7 
and 14 post-implantation (B). The cryogels, either unloaded or loaded with neurotrophins, did not induce any greater microgliotic response either within (A, C), or 
surrounding (B, C), the implant site relative to that caused by administration of vehicle alone. Scale bar represents 1 mm and 200 μm (inset). Data are represented as 
mean ± SEM of n = 6 rats. ****P < 0.0001 by two-way ANOVA. N.D. = not done. 
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case for the biocompatibility analysis above, the damage to the striatum 
caused by the stereotaxic injection itself, meant that GDNF and BDNF 
immunostaining within the injection site could not be quantified at Day 
1 post-implantation. As there was no GDNF or BDNF staining evident in 
the peri-implant region at this early time-point (not shown), only the 
Day 7 and Day 14 time-points were analyzed. 

In terms of GDNF delivery, when the GDNF was injected into the 
striatum alone as a bolus, there was no residual staining visible by Day 7 
after administration (Fig. 12). In contrast, when the neurotrophin was 
loaded into PEGDA-SPA cryogels, the GDNF-loaded cryogels were 
clearly visible in the striatum at both Days 7 and 14 after implantation 
(Fig. 12A; Group, F(3, 37) = 83.93, P < 0.0001) confirming successful 
delivery to, and retention of, GDNF in the striatum. Similarly, for BDNF, 

no staining was visible in the striatum by Day 7 when the neurotrophin 
was injected alone as a protein bolus (Fig. 13), but pronounced staining 
was visible at both later time-points when it was loaded onto cryogels 
(Fig. 13A; Group, F(3, 37) = 51.49, P < 0.0001). 

To determine release of neurotrophins from the cryogels in the brain, 
we analyzed the density of GDNF and BDNF surrounding the implant 
site. By Day 7 after implantation, there was a clearly visible region of 
GDNF staining surrounding the implant site in the brains implanted with 
GDNF-loaded cryogels confirming release of the neurotrophin into the 
peri-implant region (Fig. 12B; Group, F(3, 38) = 12.66, P < 0.0001). By 
Day 14 after implantation, there was also a clearly visible region of 
BDNF staining surrounding the implant site in some of the brains 
implanted with BDNF-loaded cryogels but this was more variable 

Fig. 11. Cryogels elicit no additional astrocytic response in the rat brain compared to a vehicle alone injection. The biocompatibility of the implanted cryogels was 
assessed by measuring the optical density of striatal astrogliosis at the implant site at Days 7 and 14 post-implantation (A), and in the peri-implant region at Days 1, 7 
and 14 post-implantation (B). The cryogels, either unloaded or loaded with neurotrophins, did not induce any greater astrocytic response either within (A, C), or 
surrounding (B, C), the implant site relative to that caused by administration of vehicle alone. Scale bar represents 1 mm and 200 μm (inset). Data are represented as 
mean ± SEM of n = 6 rats. ****P < 0.0001 by two-way ANOVA. N.D. = not done. 
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(Fig. 13B; Group, F(3, 38) = 4.58, P < 0.01). To further assess release, we 
quantified the volume of striatum into which the neurotrophins had 
diffused from the neurotrophin-loaded cryogels. This also confirmed 
release of GDNF (Fig. 12C) and BDNF (Fig. 13C) from the cryogels with 
the volume of striatum into which the neurotrophins had diffused being 
much greater than the volume occupied by the implant itself. 

Finally, since the cryogels were clearly visible at the implant site, 
especially when immunostained with GDNF or BDNF, we measured their 
size in situ in the brain to confirm their morphology after in vivo im-
plantation (Fig. 14). Cryogels consistently measured ~20 mm (20 ± 0.2 
mm) in diameter, and they retained their morphology up to Day 14 after 
implantation. 

4. Discussion 

Neurotrophic factors play an essential role in modulating the growth 
and survival of neurons in the brain, offering potential for neuro-
protective and neurorestorative treatments in PD [36]. However, as a 
recent clinical trial showed, intrastriatal delivery of GDNF requires 
monthly GDNF infusions over extended time periods [37]. Biomaterial 
drug delivery systems could be a valuable means of improving local 

delivery of growth factors to specific brain regions. However, many 
delivery systems such as PLGA microspheres designed to encapsulate 
and release proteins have shown an initial burst release where most of 
the growth factor is released within the first few days [17,38,39]. 
Another interesting approach involves intranasal delivery of lipid-based 
nanoparticles to deliver a payload to the midbrain via the olfactory 
system and trigeminal nerve [40,41]. These nanoparticles have been 
employed for protecting GDNF against degradation and enhance their 
uptake to the brain in the mouse model of PD [42], particularly when 
functionalized with the cell-penetrating peptide TAT [43]. Despite the 
fact that the results were significantly improved, they can rise GDNF 
expression throughout the whole brain [44]. Therefore, the off-target 
mediated side-effects may hinder their clinical translation. In this 
study we aimed to achieve controlled and sustained protein release and 
move away from stiff polymeric materials to a soft, sponge-like delivery 
system, for local and minimal invasiveness during implantation. 

Cryogel biomaterials can be synthesized to be softer and yet more 
robust than their hydrogel counterparts [45], compressing and re- 
expanding to their original shape and size without losing their integ-
rity [21]. This makes them easy to handle and useful as an injectable 
scaffold for drug delivery to the brain. Unlike the aforementioned 

Fig. 12. PEGDA-SPA cryogels deliver GDNF to the brain. GDNF delivery, retention and release from implanted cryogels was assessed by measuring the optical 
density of GDNF immunostaining at the implant site (A, D) and in the peri-implant region (B, D), as well as the volume of GDNF staining (C, D) at Days 7 and 14 post- 
implantation. In comparison with bolus administration, GDNF immunostaining was clearly visible both within, and surrounding, the implant site in the brains 
injected with GDNF-loaded cryogels. Scale bar represents 1 mm and 200 μm (inset). Data are represented as mean ± SEM of n = 6 rats. ****P < 0.0001, ***P <
0.001, *P < 0.05 by two-way ANOVA with Tukey post-hoc test. 
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polymeric microspheres, where the payload is encapsulated inside the 
polymer matrix, cryogels contain interconnected pores where a protein 
can bind to the surface of the polymer network through electrostatic 
interactions. Micro-sized cryogels have been successfully fabricated 
using oil-in-water emulsion methods [46,47] or microscale templates 
[48,49]. However, here, a microfluidic technology was introduced for 
scale up and accurate generation of monodisperse cryogel microcarriers. 

Affinity-based delivery systems (ABDS) utilize interactions between 
drugs/proteins and the delivery system to control their loading and 
release [50]. Heparin has often been incorporated in ABDS to control the 
release of various drugs/proteins [51,52]. The heparin binding domain 
on various growth factors is very specific and can interact with heparin 
via non-covalent interactions. Edelman et al. established for the first 
time a heparin-based delivery system for the controlled release of basic 
fibroblast growth factor (bFGF) for wound healing and tissue repair 
applications [53]. Another in vivo study evaluated the effect of heparin- 
based delivery of GDNF from a fibrin matrix on sciatic nerve regenera-
tion for the treatment of peripheral nerve injuries [54]. The system was 
able to sequester heparin-binding proteins within a fibrin matrix using 
non-covalent interactions and release it over time. The controlled 
release of GDNF improved the outgrowth of nerve fibers in the rat sciatic 

nerve defect. Previously, Newland et al. [47] synthesized 300 μm 
diameter heparin-based cryogel microcarriers that showed a controlled 
and sustained release of proteins. However, in our experience, the 
incorporation of heparin into biomaterial structures has some practical 
limitations like batch-to-batch variability and unease around potential 
use in geriatric patients. Instead, using heparin-like moieties within a 
delivery system can also achieve sustained protein release. For example, 
Willerth et al. Developed a fibrin matrix containing peptides with af-
finity for NGF [55]. The release of NGF from the NGF-binding peptide 
fibrin matrix showed slower release when compared with unmodified 
fibrin. Since the binding of growth factors is largely due to the highly 
sulfated nature of heparin, SPA with negatively charged sulfonate 
moieties was chosen herein to be incorporated into cryogel micro-
carriers to mimic the protein binding effect of heparin. Our specific 
objective for this research was to produce negatively charged synthetic 
cryogel microcarriers that will bind with growth factors through strong 
electrostatic interaction which then release it in a controlled manner 
over time. 

Interestingly, it seems that BDNF has a greater affinity for the SPA 
cryogel microcarriers than GDNF, as observed by the higher percentage 
loading and nearly no release from 95%,80%, 60% and 40% SPA 

Fig. 13. PEGDA-SPA cryogels deliver BDNF to the brain. BDNF delivery, retention and release from implanted cryogels was assessed by measuring the optical density 
of BDNF immunostaining at the implant site (A, D) and in the peri-implant region (B, D), as well as the volume of BDNF staining (C, D) at Days 7 and 14 post- 
implantation. BDNF immunostaining was clearly visible both within, and surrounding, the implant site in the brains injected with BDNF-loaded cryogels though 
not detectable following a bolus administration. Scale bar represents 1 mm and 200 μm (inset). Data are represented as mean ± SEM of n = 6 rats. ****P < 0.0001, 
*P < 0.05 by two-way ANOVA with Tukey post-hoc test. 
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cryogels or very small amount released from 20% or 5% SPA cryogels. 
Binding affinity is typically measured and described by the equilibrium 
dissociation constant (KD), which is used to evaluate different protein- 
ligand complex interactions [56]. KD is inversely related to the affinity 
of the protein for the ligand. As reported in the literature, the KD value of 
heparin to BDNF is 1.5 × 10− 9 M [57] and to GDNF is 2.27 × 10− 8 M 
[58], indicating that heparin has a higher affinity towards BDNF than 
GDNF. This may explain the high loading of BDNF and lack of release 
from the highly sulfonated microcarriers. Moreover, the net charge of 
the protein at the physiological pH of 7.4 is an important factor. The 
charge for GDNF and BDNF is 6 and 7.3, respectively (using the protein 
isoelectric point calculator http://isoelectric.org/calculate.php.) This 
showed that BDNF has a more positive charge than GDNF, so this also 
justified the high BDNF loading to the negative cryogel microcarriers. 

A new strategy using refillable drug delivery devices is a promising 
approach for long-term delivery. For example, Nobuhiro Nagai et al., 
[59] demonstrated the application of the in situ gelatin and chitosan 
gelling system as an ocular injectable drug carrier for sustained and 
refillable drug delivery systems by reinjection with less invasiveness to 
intraocular tissues. The release profile of the refilled devices exhibited 
almost the same rate as that of the first and second refills. Since our 
cryogels are non-biodegradable, we have tested their ability to be 
refilled. Our result reinforces the refillable characteristic of the SPA 
cryogels and thereby highlights their prospective benefit as effective 
vehicles for controlled and reproducible GDNF delivery. 

Biocompatibility is a key necessity for the use of biomaterials in 
clinical applications. Initially, the cytocompatibility of PEGDA-SPA 
cryogels was assessed with human neural cell lines and rat primary 
cell cultures. Several previous studies have shown cryogels and bioma-
terial polymers composed of PEGDA or SPA to be biocompatible 
[45,60–63]. In line with this, the SPA cryogels showed no detrimental 
effects on the metabolic activities of cultures of human neuronal and 

human microglial cells in vitro and rat primary neural cultures ex vivo. 
Additionally, the pronounced benefit of the NTFs released from NTF- 
loaded cryogels, in line with previous studies [64–68], confirmed that 
the neurotrophin payload remained functional after binding and release 
from the sulfonated microcarriers. 

One of the future applications of these microcarriers is as an adjuvant 
to cell transplantation therapy to support cell survival, maturation and 
integration. Dopamine progenitors typically require GDNF and BDNF for 
maturation, for at least one month [69]. Therefore, we were interested 
in maintaining a medium-term release of growth factors for around three 
months. For that reason, we selected 80% SPA microcarriers for GDNF or 
20% SPA microcarriers for BDNF based on the in vitro release profile in 
PBS which showed biologically relevant amounts of protein released 
over the first month. The doses of GDNF & BDNF were chosen based on 
our previous studies using primary [7,20] and stem cell-derived [70] 
dopaminergic neurons. 

The in vivo biocompatibility of the SPA cryogels was assessed post- 
implantation in a rat brain. As expected, a transient recruitment of 
microglia and astrocytes was seen in all the brains as a result of the tissue 
trauma [71–73], but critically, there was no additional neuro-
inflammatory response induced by the cryogels, confirming their 
biocompatibility. 

Given the promising sustained NTF release characteristics shown by 
the cryogels in vitro, we assessed if this translated to sustained release in 
vivo in the brain. SPA cryogels demonstrated their ability to deliver 
NTFs, retain the delivered cargo, and exhibit sustained release of the 
retained cargo into the surrounding striatal brain tissue up to 14 days 
post-implantation, which was in contrast to bolus injection of the pro-
teins. Interestingly, over this period of time, the cryogels themselves 
were stable in the brain (they did not degrade) and they were still loaded 
with neurotrophins (based on immunohistochemical staining). This 
suggests that they could potentially have released the neurotrophins for 

Fig. 14. Morphology of PEGDA-SPA cryogels in situ in the brain. The spherical structure of the cryogels was retained after transplantation into the rat striatum. Their 
size was consistent overall, a small increase in measured diameter was seen in the GDNF-loaded cryogels (A, B) while no change in diameter size in BDNF-loaded 
cryogels (C, D) at Day 14 after transplantion. Scale bar is 50 μm. Data are represented as mean ± SEM of n = 6 rats (5 cryogels measured per rat). *P < 0.05 by two- 
way ANOVA. 

A. Hakami et al.                                                                                                                                                                                                                                

http://isoelectric.org/calculate.php


Journal of Controlled Release 369 (2024) 404–419

418

longer periods of time (but this was beyond the confines of the present 
study). This fundamental ability of the SPA cryogels to sustain the 
availability of NTFs in vivo is encouraging, particularly because sus-
tained delivery and release remains one of the key limitations in trans-
lating GDNF therapy to the clinic for PD [13]. To date, several strategies 
for direct protein infusion of GDNF have been assessed in both open 
label and randomized controlled clinical trials of PD patients (reviewed 
in [14]). While some of these have shown promise, significant chal-
lenges remain, including those related to sustained delivery. Bio-
materials, like the PEGDA-SPA cryogel microcarriers reported here, 
could provide targeted delivery of growth factors in a sustained fashion 
for extended periods of time. 

5. Conclusion 

In conclusion, micro-scale cryogels (cryogel microcarriers) could be 
prepared using a water-in-oil emulsion followed by the cryogelation 
process. Monodisperse cryogels were successfully developed (20 μm 
diameter) containing SPA to control the release of growth factors. GDNF 
and BDNF showed different loading percentages into cryogels with 
different release profiles depending on the amount of SPA. Moreover, 
both in vitro and in vivo studies confirmed biocompatibility and cyto-
compatibility of theses cryogel microcarriers. After administration into 
the brain, the microcarriers were able to release GDNF and BDNF in the 
striatum for two weeks. These small cryogels therefore act as controlled 
release system for GDNF/BDNF and could therefore increase the thera-
peutic efficiency of growth factor delivery to the brain. Future studies 
will evaluate whether the cryogel microcarriers can improve the sur-
vival of fetal ventral mesencephalic cells after transplantation into the 
parkinsonian rat brain model. 
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