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ABSTRACT 

Glioblastoma is the most malignant brain tumour with less than two years median survival �me a�er 

the first diagnosis. The current treatment strategy is based on the Stupp protocol established in 2005, 

which consists of surgery, radiotherapy, and temozolomide. The choice of chemotherapeu�cs is 

limited to lipophilic alkyla�ng agents due to their ability to pass the blood-brain barrier. However, 

temozolomide might only have ac�vity in O6-methylguanine-DNA methyltransferase (MGMT) 

promoter-methylated tumours. So, glioblastoma is an unmet medical need, and it is urgent to 

develop effec�ve, safe, and long-las�ng treatment approaches. Drug repurposing is a strategy that 

reposi�ons exis�ng drugs for new medica�ons, s�mula�ng drug discovery by reducing drug 

development �me and investment. This strategy also avoids the chemoresistance of glioblastoma to 

alkyla�ng agents. Tumour recurrence is another intractable issue for glioblastoma treatment, and 

the standard of care has not been well defined. However, most recurrences occur close to the margin 

of surgery or radiotherapy, providing a cri�cal ra�onale for local treatment. Local drug delivery could 

also bypass the blood-brain barrier, reach higher drug concentra�ons, and reduce systemic adverse 

effects. In this project, I focus on the local treatment strategies against glioblastoma and commit to 

resolving the key problems including mechanical proper�es of the materials, chemoresistance, and 

sustained long-term drug release. 

First, publica�ons about injectable drug delivery systems for glioblastoma local treatment were 

systema�cally searched. The meta-analysis results of these preclinical studies showed that injectable 

drug delivery devices improved efficacy compared to systemic or local administra�on of free drugs. 

The first objec�ve of this project was to create cylindrical-shaped cryogels as an implant to deliver 

clemas�ne to a mouse glioblastoma resec�on model. The mechanical proper�es of this spongy-like 

cryogel approximately matched the so� brain �ssue. Cryogels showed good in vitro 

cytocompa�bility and in vivo biocompa�bility. However, the variability in the extent of surgical 

resec�on may act as a confounding factor, affec�ng the clemas�ne treatment efficacy. In the second 

objec�ve, microscale cryogels, termed cryogel microcarriers, were designed to be an injectable local 

drug delivery system flexibly administered to tumour resec�on cavi�es with various sizes. The drug 

loading efficiency and drug release profiles were inves�gated with four model drugs, doxorubicin, 

venetoclax, brexpiprazole, and vor�oxe�ne. In vitro an�tumor efficacy studies were performed with 

brexpiprazole microcarriers due to the best in vitro drug loading efficiency and release paterns. The 

results showed that brexpiprazole microcarriers effec�vely reduced cell viability both on 2D and 3D 
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cell culture models. The third objec�ve aimed to create poly lac�c-co-glycolic acid (PLGA) 

microsphere delivery systems to resolve the rapid release of vor�oxe�ne microcarriers. A novel 

methodology was developed to create monodisperse and highly reproducible PLGA microspheres 

by droplet-based microfluidics. Vor�oxe�ne microspheres achieved one month of sustained drug 

release without burst release. Empty PLGA microspheres had good cytocompa�bility on primary 

human astrocytes, sugges�ng the water-free emulsion system did not introduce any toxic reagents 

into the final product. Vor�oxe�ne microspheres reduced glioblastoma cell viability in a dose-

dependent and �me-dependent manner. 

In summary, I developed cylindrical cryogel, cryogel microcarriers, and PLGA microspheres as local 

drug delivery systems for glioblastoma treatment. Repurposed drugs, clemas�ne, brexpiprazole, and 

vor�oxe�ne showed a therapeu�c window that effec�vely killed the tumour cells while being safe 

for astrocytes. Together strategies of novel local drug delivery systems and repurposed drugs provide 

promising approaches against glioblastoma.
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Chapter 1: General introduc�on 
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1. Chapter 1: General introduc�on 
 

Part of the work in this chapter has been published as a review paper. 

Yu Wang, Chiara Bas�ancich, and Ben Newland. Injectable local drug delivery systems for 

glioblastoma: a systema�c review and meta-analysis of progress to date, Biomater Sci, 11 (2023) 

1553-1566 (PMID: 36655634). 
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1. Glioblastoma (GBM) 

Isocitrate dehydrogenase (IDH) wild-type 1 glioblastoma (GBM) is the most malignant primary 

brain tumour of the central nervous system (CNS), which is associated with poor clinical outcomes 

and high mortality.(1) At present, GBM is s�ll incurable. The overall median survival is only 14.6 to 

16.7 months a�er diagnosis, and only around 5-10% of GBM pa�ents survive over five years.(2) 

Meanwhile, pa�ents suffer from a decline in the quality of their life and loss of cogni�ve 

func�on.(3) GBM makes up around 57% of all gliomas and 48% of all primary malignant CNS 

tumours.(4) The classifica�on of CNS tumours has undergone major changes a�er the World 

Health Organiza�on (WHO) revised 4th and 5th edi�ons of the classifica�on of tumours of the 

CNS.(5, 6) CNS tumours are mainly classified by histological tumour typing and several molecular 

markers. The most relevant molecular characteris�cs of GBM include IDH wild type, telomerase 

reverse transcriptase (TERT) promoter mutant, epidermal growth factor receptor (EGFR) gene 

amplified, and gain of chromosome 7 combined with loss of chromosome 10 (Figure 1-1).(7) 

Although O6-methylguanine-DNA methyltransferase (MGMT) promoter methyla�on is not used for 

the diagnosis of GBM, this marker is important to predict the success of chemotherapy with 

alkyla�ng agents.(8)   

 

Figure 1-1 Schema�c illustra�on represents the genomic and epigenomic subtype classifiers of 

GBM and the major GBM cellular states. 
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Abbrevia�on: RTK I and RTK II: receptor tyrosine kinase I and II; MES: mesenchymal; OPC-like: 

oligodendrocyte-progenitor-like; NPC-liken: neural-progenitor-like; AC-like: astrocyte-like; MES-like: 

mesenchymal-like. This figure is generated with Biorender.com. 

In 2005, a series of clinical trials were published and the results showed an improvement in 

median survival a�er temozolomide (TMZ) combined with radiotherapy treatment, which shi�ed 

the paradigm of GBM treatment to a more aggressive combined-modality therapy (Figure 1-2).(9-

11) At present, the gold standard therapy for GBM is maximum surgical resec�on followed by 

chemoradiotherapy and adjuvant chemotherapy. The therapeu�c target is to resect the tumour 

�ssue as much as possible, meanwhile avoiding compromising neurological func�on. Surgery can 

effec�vely reduce the tumour mass and surgical resec�on of 98% or more of the GBM volume 

could achieve a longer survival �me.(12) However, because of the strong infiltra�ng nature of GBM 

cells into the normal surrounding �ssue, it is impossible to resect the tumour completely.(13) Even 

a single cell can develop into a new tumour, resul�ng in mul�-focal tumours.(14) It should be kept 

in mind that approximately 20-30% of GBM pa�ents are unsuitable for surgical resec�on, either 

due to the lesion or site of the GBM (e.g. more than one lobe) or for reasons such as age, care 

status, or hospital capabili�es.(15, 16) Although GBM is frequently confined to only one lobe, 

approximately 30% of GBM involves more than one lobe leading to a lower chance of undergoing 

surgery.(15, 17) 

 

Figure 1-2 Illustra�on of the �meline of the standard of care for GBM treatment (Stupp 

protocol). 
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To atempt to eradicate the remaining tumour cells, surgical resec�on should be followed by a six-

week radiotherapy combined with daily TMZ treatment and then six months of adjuvant TMZ. 

Radiotherapy is recommended to start between three to five weeks a�er the surgery.(18) GBM 

pa�ents are commonly administered at 50-60 Gy divided into 1.8-2 Gy per day. The standard dose 

for TMZ treatment is 75 mg/m2 daily throughout radiotherapy and 150-200 mg/m2 5 days every 4 

weeks for 6 cycles.  

Notably, radiotherapy and chemotherapy s�ll face many challenges. Even when treated with a high 

radia�on dose, the recurrence was observed in some GBM pa�ents, indica�ng that the tumour has 

radioresistance and cannot be eliminated completely by radiotherapy.(19) The expression 

signature dominated by HOX genes, which comprises Prominin-1 (CD133), might be the reason for 

the radioresistance of cancer stem cells.(20) On the other hand, the MGMT inhibits alkyla�ng 

agents from killing GBM cells.(21) This protein can rapidly remove alkyl groups from the O6 

posi�on of guanine, which is a crucial target site for alkyla�ng agents. GBM pa�ents with MGMT 

promoter methyla�on had beter responsiveness to alkyla�ng agents.(22) Elderly GBM pa�ents 

without MGMT promoter methyla�on treated with radiotherapy plus temozolomide only had 

minor overall survival benefits without sta�s�cal differences compared to radiotherapy alone 

(median survival �me, 10.0 months vs 7.9 months, p=0.055).(23) 

A�er this gold standard treatment, most pa�ents s�ll suffer from recurrence within two years.(24) 

However, there are no established standard-of-care treatments for recurrent GBM pa�ents. 

Treatment strategies are considered based on previous treatments, pa�ents’ age, and MGMT 

promoter methyla�on. Only a minority of pa�ents are suitable to undergo a re-opera�on, which 

could significantly improve the median survival period to 36 weeks.(25) Although re-irradia�on is 

basically possible for the treatment of recurrent GBM, it can only be a treatment approach for 

selected pa�ents and severe cogni�ve side effects should also be considered. Moreover, the 

survival benefit of re-irradia�on has not been proved by randomized trials. On the other hand, 

there is no clearly established chemotherapy regimen for the treatment of recurrent GBM a�er the 

prior chemotherapy, and inves�ga�onal clinical protocols are s�ll the best choice.(26) For example, 

chemotherapeu�cs such as procarabine and lomus�ne may achieve an an�tumor effect.(27, 28) 
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However, because these drugs also func�on as alkyla�ng agents and therefore have a similar 

mechanism to TMZ, their effec�veness is limited.  

Some clinical trials showed that bevacizumab (with or without irinotecan) was well tolerated and 

had an�cancer ac�vity in recurrent GBM.(29, 30) Bevacizumab could prolong progression-free 

survival; however, it remains unclear how bevacizumab affects the life quality and overall survival 

benefit for pa�ents.(31) Bevacizumab also failed to show overall survival benefit when it was 

combined with lomus�ne in comparison to lomus�ne alone.(32)  

Tumour Trea�ng Fields (TTF) are alterna�ng electric fields with low-intensity and intermediate 

frequencies that inhibit cell growth by blocking mitosis.(33) Based on a randomized phase III trial, 

TTF was approved by the Food and Drug Administra�on (FDA) for the treatment of recurrent 

GBM.(34) A post hoc analysis showed that treatment with TTF plus chemotherapy improved the 

overall survival compared with chemotherapy alone at first recurrence.(35) However, drawbacks 

such as the high cost, pa�ent compliance, and skin toxicity limit the use of TTF in the clinic, and 

TTF is not necessarily the best choice for physicians.(36) 

Another obstacle to successful therapy is the heterogeneity of GBM tumours. The gene�cally 

unstable nature of GBM results in cells with diverse biological behaviours. For example, studies 

have shown that intratumoral heterogeneity exists within the same tumour.(37, 38) Thus, the 

en�re tumour may not be represented by a single biopsy specimen, which is a reason for 

disappoin�ng results from tailored treatments.(39) 

GBM progression is significantly influenced by the interac�on with the surrounding neural 

environment. The GBM tumour microenvironment is a complex system comprising various cell 

types, including immune cells, glial cells, and neurons.(40) Recent study revealed that the 

progression of high-grade gliomas was affected by the electrical and synap�c integra�on into 

neural circuits, and pharmacological or gene�c blockade of these interac�ons inhibited the tumour 

growth.(41) Neuroligin-3 (NLGN3), a synap�c protein secreted in response to neuronal ac�vity, 

promotes GBM prolifera�on through the PI3K-mTOR pathway and induces transcrip�onal changes 

in GBM cells.(42, 43) Targe�ng the tumour microenvironment components and their interac�ons 

with GBM cells may offer promising approaches for improving GBM treatment outcomes. 
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In the absence of pathology, the BBB protects the CNS by preven�ng the non-selec�ve crossing of 

substances into the cerebrospinal fluid; however, it also limits the effec�ve delivery of drugs to the 

CNS.(44) It is es�mated that more than 98% of small molecular drugs and nearly 100% of large 

molecular drugs cannot pass the BBB.(45) For chemotherapeu�cs, only small hydrophobic drugs 

such as alkyla�ng agents can cross the BBB. Meanwhile, a drug administrated systema�cally may 

be cleared or non-specifically absorbed by other �ssues before arriving at the GBM site. This can 

lead to toxicity for other organs such as the liver and kidney. Local tumour treatment is another 

strategy that could be employed to deliver drugs accurately to the target site and circumvent the 

BBB. A wider range of chemotherapeu�c agents, which cannot penetrate the BBB, can be used for 

local delivery. Local delivery could achieve a high concentra�on of drug at the tumour �ssue while 

simultaneously avoiding systemic side effects and reducing the toxicity for normal brain �ssue. 

Addi�onally, GBM is not a metasta�c cancer, and only 0.4-0.5% of GBM pa�ents suffer from 

extracranial metastasis, which makes GBM suitable for local treatment.(46) 

One means of achieving local drug delivery is to implant a solid therapeu�c into the surgical 

resec�on cavity. A drug delivery system (DDS) aiming to sustain the release of the drug is usually 

used in this strategy to suppress the growth of GBM cells which cannot be resected.(47) It is worth 

no�ng that most recurrences of GBM occur within two cen�metres of the resec�on cavity.(48) For 

these reasons, delivering drugs to the resec�on cavity could maximize the an�cancer effect and 

minimize systemic side effects.  

The Gliadel® wafer is the only locally implantable DDS approved by the FDA for brain tumours. This 

wafer contains 7.7 mg of carmus�ne and 192.3 mg of biodegradable copolymer which consists of 

1,3-bis-(p-carboxyphenoxy)propane (pCPP) and sebacic acid (SA) in a ra�o of 20:80.(49) The results 

of clinical trials showed that pa�ents treated with Gliadel® improved their median survival by 

around two months compared with placebo-treated pa�ents.(48, 50, 51) Recently, several clinical 

trials were conducted to evaluate the effec�veness of Gliadel® combined with radiotherapy 

followed by TMZ. L.S. Ashby et al. conducted a systema�c review of such clinical trials, which 

showed that the weighted mean of median overall survival of pa�ents who received Gliadel® plus 

radiotherapy and TMZ was 18.2 months from ten included trials.(52) Compared with the median 

overall survival for Gliadel® plus radiotherapy (13.9 months)(48) and radiotherapy plus TMZ (14.6 
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months)(11) from previous clinical trials, Gliadel® plus radiotherapy and TMZ improved the median 

overall survival by around 3-4 months. Meanwhile, this combina�on therapy did not enhance 

toxicity. Whilst Gliadel® wafers show a modest improvement in therapeu�c outcomes, their clinical 

use is s�ll limited. Its rigid structure can lead to a mechanical mismatch between the s�ff wafer 

and so� brain �ssue causing side effects.(53) Moreover, the amount of drug that can be 

administered depends on the size of the cavity (8 wafers need to be placed to ensure therapeu�c 

dose of carmus�ne) and the drug release profile is sub-op�mal.(48, 54, 55) Whilst an array of local 

DDS is being developed to overcome these drawbacks,(56) there is s�ll no clinically approved DDS 

designed for stereotac�c injec�on directly into non-resec�onable tumours. 

Bypassing the BBB via direct intratumoral administration would not only facilitate a high local 

concentration of a drug to be achieved at the target site but also allow a wider range of 

therapeutics to be investigated. These factors allow a reduction in dose-limiting systemic toxicity 

whilst opening possibilities for re-purposing existing anti-cancer therapeutics, previously 

unsuitable due to BBB impermeability.  

Stereotac�c injec�ons may allow delivery directly to deep, mul�-sited, or highly irregular tumours 

that are otherwise unsuitable for surgery. Convec�on-enhanced delivery (CED) is another means of 

delivering injectable DDS. Due to the external pressure gradient, CED allows drugs to penetrate 

deeper than conven�onal injec�on without requiring higher doses.(57) One advantage of using 

local injec�on/CED is that a wide range of therapeu�cs (e.g., chemotherapeu�cs, monoclonal 

an�bodies, and proteins) can be administered as these techniques bypass the BBB. Many 

injectable delivery systems such as colloid suspensions, liposomes, and hydrogels may be suitable 

for administra�on both directly to a tumour or to the resec�on cavity, making them highly versa�le 

whilst avoiding mechanical mismatch with the host �ssue. However, to date, there is no systema�c 

overview of the current state of these delivery systems nor a meta-analysis of their efficacy in 

improving MS in GBM animal models. 

I aimed to undertake a systema�c review of the pre-clinical literature to tabulate injectable DDS 

that has been developed for GBM therapies. Furthermore, I aimed to analyse whether injectable 

DDS directly administered intratumorally in animals bearing GBM tumours showed therapeu�c 

efficacy compared to nega�ve controls (no treatment or vehicle-only controls). I also analysed the 
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role that the delivery system plays in comparison to the direct injec�on of a free drug. Finally, I 

sought to compare local drug administra�on with systemic administra�on. 

1.2. Methods 

1.2.1 Search strategy 

Three databases (PubMed, Web of Science and Scopus) were used in this review to systemically 

search articles which were relevant to the topic. The search for this review was completed on 9th 

June 2022. 

The three search strategies were as follows: 

Pubmed: ((glioblastoma[Title/Abstract] OR "brain tumo*" [Title/Abstract] OR glioma 

[Title/Abstract] OR gliosarcoma[Title/Abstract]) AND ("local delivery" [Title/Abstract] OR "drug 

delivery system" [Title/Abstract] OR "sustained release" [Title/Abstract] OR 

microsphere*[Title/Abstract] OR microparticle*[Title/Abstract] OR "convection enhanced delivery" 

[Title/Abstract] OR CED [Title/Abstract] OR hydrogel* [Title/Abstract])) AND ("in vivo" 

[Title/Abstract] OR "pre-clinical" [Title/Abstract] OR intracranial [Title/Abstract] OR 

resection[Title/Abstract]) 

Wed of science: TI=(glioblastoma OR “brain tumo*” OR glioma OR gliosarcoma) AND 

AB=(“local delivery” OR “drug delivery system” OR “sustained release” OR microsphere* OR 

microparticle* OR “convection enhanced delivery” OR CED OR hydrogel*) AND AB=(“in vivo” OR 

“pre-clinical” OR intracranial OR resection) 

Scopus: TITLE-ABS ( glioblastoma OR “brain tumo*” OR glioma OR gliosarcoma ) AND TITLE-

ABS ( “local delivery” OR “drug delivery system” OR “sustained release” OR microsphere* OR 

microparticle* OR “convection enhanced delivery” OR CED OR hydrogel*) AND TITLE-ABS ( “in 

vivo” OR “pre-clinical” OR intracranial OR resection ) 

1.2.2 Inclusion and exclusion criteria 

After the search, the results of all databases were downloaded to a Microsoft Excel file (Home and 

Student 2019). Duplicate results from the three databases were removed before screening. The 
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following inclusion and exclusion criteria were used to create a selection framework that was used 

whilst analysing titles/abstracts and full-text manuscripts.  

The inclusion criteria were as follows: 

• Original research ar�cles writen in the English language. 

• Ar�cles had at least one in vivo an�tumor efficacy study using an orthotopic GBM tumour 

model without resec�on of the tumour prior to treatment administra�on. 

• The study had to analyse the local delivery of an�cancer agents in comparison to nega�ve 

control of either untreated animals or a vehicle solu�on.   

• The drug prepara�ons used were injectable. The DDS could be drug-loaded nano/macro-

carriers or scaffolds loaded with either free drugs or nanomedicines. 

• Studies must have had quan�ta�ve results in terms of MS. 

The exclusion criteria were as follows: 

• Ar�cles that were not available in English. 

• Review ar�cles, book chapters, and conference proceedings where the methodology was 

insufficient for the correct evalua�on of the results. 

• Ar�cles that had only in vitro studies, clinical studies, or did not have a preclinical in vivo 

an�tumor efficacy study. 

• Ar�cles that used either gene therapy, monoclonal an�bodies, or gene�cally engineered 

cells as an an�tumor treatment. 

• Ar�cles that did not use the orthotopic GBM tumour model in in vivo an�tumor efficacy 

study (e.g., they used a subcutaneous tumour). 

• Studies that used a GBM tumour model with resec�on of the tumour prior to 

administra�on of treatment. 

• Studies that delivered uninjectable prepara�ons (e.g., wafers), or only delivered liquid 

formula�ons of drugs that were not incorporated into a DDS.  

• Ar�cles that did not have an appropriate nega�ve control group of either no treatment or 

empty vehicle control group in in vivo an�tumor efficacy study. 

• Ar�cles that only researched radiotherapy or only had studies combined with radiotherapy. 
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• Ar�cles that did not use MS to evaluate in vivo an�tumor efficacy. 

1.2.3 Data extraction 

Data from the included articles was extracted and entered into tables with different categories. 

The extracted data included the year of publication, first author, drug used, delivery vehicle, 

cancer model, and MS for each relevant treatment group. The results were listed in the table by in 

vivo antitumor efficacy studies rather than articles. Many articles had more than one in vivo 

efficacy study, and all data from different studies that met the inclusion criteria were extracted. 

Different studies in the same article meant that studies had at least one difference in drug used, 

delivery vehicle or cancer model. Different drug dosages, times of treatment, or injection sites 

were regarded as too similar to represent separately. If two or more of the same studies were in 

one article, the most appropriate study was chosen and listed in the table according to the design 

of the in vivo antitumor efficacy study or the optimized study which was focused upon by the 

authors. Meanwhile, if two different drugs or single drug vs double drug combination were in one 

study, the study was listed separately by drug used. 

For MS, some data was explicitly written in the article text or tables. However, in some cases, the 

MS data had to be calculated from the Kaplan-Meier survival curves. To achieve this, figures were 

extracted into Microsoft PowerPoint (Home and Student 2019) and scaled appropriately to 

calculate the medium survival of the relevant experimental groups.  

The percentage change in MS between the no-treatment group (negative control) and the 

treatment group was also calculated. If the study did not have a no-treatment group, the empty 

vehicle group was used instead as the negative control. 

% 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀 =
𝑀𝑀𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶

𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶
∗ 100% 

Equation 1-1. % Change MS means the percentage change in median survival time, MSTreatment 

means median survival time in the treatment group, MSControl means median survival time in the 

negative control group. 



Chapter 1: General introduc�on 

11 
 

1.2.4 Statistical Analysis 

Review Manager software (version: 5.4.1) was used to conduct the meta-analysis to compare the 

antitumor efficacy between locally administrated DDS and the most appropriate negative control 

group, locally administrated DDS and locally injected free drug, locally administrated DDS, and 

systemic administration of either the free drug or the DDS. The MS ratio was used to summarize 

the MS data.(58) It was used as a method being consistent with the hazard ratio method.(59) The 

survival time ratio was calculated by the following equation 2-2. It was log-transformed to give the 

normal distribution and make the scale symmetric.(60, 61) The log-transformed MS ratio, the 

standard deviation (or standard error), and the group size were used as inputs for the meta-

analysis. Due to the high heterogeneity (I2 >50%), the random model was used in the meta-

analysis. 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑡𝑡𝑠𝑠𝑡𝑡𝑎𝑎 𝑠𝑠𝑎𝑎𝑡𝑡𝑠𝑠𝑟𝑟 =  
𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑡𝑡𝑠𝑠𝑡𝑡𝑎𝑎 𝑟𝑟𝑜𝑜 𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠

𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶
 

Equation 1-2. MSControl means median survival time in the negative control group. 

1.2.5 Quality assessment 

The quality of each included article was assessed by a 12-point checklist described previously by 

Hirst et al.(58) One point was allocated to each item and the final score was the sum of all points. 

The 12-point checklist included: (1) peer-reviewed publication, (2) sample size calculation, (3) 

random allocation to groups, (4) blinded assessment of outcome, (5) compliance with animal 

welfare regulations, (6) statement of potential conflict of interests, (7) uniform volume or number 

of cells inoculated, (8) consistent site of tumour implantation, (9) reported number of animals in 

which the tumour did not grow, (10) stated number of excluded animals, and given reasons for 

exclusion, including anomalies, (11) explanation of tumour model used, or multiple glioma models 

used and (12) presentation of evidence that the chemotherapeutic agent acts directly against 

tumour. 

1.3. Results and discussion 

1.3.1 Results of the systematic search as a bibliographic screening of literature data  

Since TMZ was adopted as the gold standard therapy of GBM in 2005, the number of papers 

related to the development of DDS for GBM has increased considerably. To select the papers that 
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could answer the scientific questions addressed in this review, we performed a systematic search 

using three search engines and defined inclusions and exclusion criteria. 

The PRISMA diagram (Figure 1-3 (A)) shows the screening process conducted in this review. A total 

of 1854 articles were searched through three databases. 1038 duplicate articles were removed, 

and 816 articles remained. 520 articles were excluded during the title and abstract screen due to 

lacking primary data (e.g., review articles), being irrelevant, or clearly failing to meet the inclusion 

criteria. The remaining 296 articles were subject to analysis of the full text. Among these articles, 

the full text of two articles could not be accessed and no reply was received when the authors 

were contacted. Finally, 36 articles met all inclusion criteria for a total of 44 individual in vivo 

antitumor efficacy studies were eligible. These studies were classified into three categories 

according to what comparison groups were used as follows: 1- local DDS vs negative controls (no 

treatment or vehicle only); 2- local DDS vs locally administered free drug; 3- local DDS vs systemic 

administration of either the free drug or DDS. For all studies, a negative control group receiving 

either no intervention or vehicle solution only was required from which the percentage change in 

MS could be calculated. Data from these studies was extracted and entered into Tables 1-1, 1-2, 

and 1-3. Figure 1-3 (B) shows the quantity distribution by the publication year of all included 

articles in this review. Only two eligible articles were published before the establishment of the 

Stupp protocol in 2005.(62, 63) However, most of the included articles were published after 2008, 

which indicates an increasing trend of interest in more effective and safer DDS for anti-GBM use.  
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Figure 1-3 Summary of the workflow of the publica�on screening process. 

(A) PRISMA diagram showing the screening process of this systema�c review. (B) The quan�ty 

distribu�on by publica�on year of included ar�cles. 

At this point, the data was split into three subcategories as outlined via the research questions 

below. While all the studies that met the inclusion criteria are described in the tables, a general 

discussion of selected papers was carried out to answer the subcategory questions. These are then 
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followed by a meta-analysis of the data and a general discussion on the state of current research 

in this field. 

1.3.2 Can the MS be improved by administering a DDS directly to the tumour tissue? 

All the included studies had a no treatment or vehicle alone negative control group, but 19 of 44 

studies had no comparison with local injection of the free drug or systemic administrations. The 

antitumor effect in these 19 studies, where the DDS was directly injected into the tumour, was 

variable (Table 1-1). Five studies prolonged the MS by more than 100% compared to the no-

treatment or vehicle control group,(64-68) whilst others barely showed an increase. In addition, 

two studies did not reach a significant difference between the local DDS treatment group and the 

control group.(69) 

Local drug delivery widens the drug choice for the treatment of brain tumours, allowing drug 

repurposing of drugs that have never been exploited for this therapeutic purpose but need to be 

rationally conceived to effectively result in improved therapeutic outcomes and clinical 

translation. For example, delivering drugs via nano-sized DDSs can increase the therapeutic 

efficacy and safety of active molecules for GBM.  

Nanomedicines, which are commonly used for cancer diagnosis, therapeutic, and monitoring, can 

target and reach tumour tissues by passive targeting (enhanced permeability and retention effect) 

or active targeting (via ligand-receptor or antigen-antibody mechanisms). Singleton et al. designed 

a water-soluble poloxamer 407 micelle formulation loaded with the pan-histone deacetylase 

inhibitor Panobinostat.(65) The results showed that F98-bearing Fischer344 rats treated with the 

micelles by CED significantly prolonged the MS compared to untreated rats, and all treated 

animals survived until the endpoint of the experiment (60 days). This study demonstrated a novel 

method of delivering a poorly water-soluble drug to a brain tumour in a syngeneic infiltrative rat 

GBM model. In addition, the results of the in vivo toxicity study showed no adverse response after 

acute striatal infusion of unloaded micelles in healthy rats, showing the safety of this DDS. 

Cancer theranostics represents a combined therapeutic and diagnosis approach that can be 

achieved using nanomedicines, to reduce delays in treatment and ease the subsequent treatment 

after diagnosis. Bernal et al. prepared a versatile nanoparticle formulation loaded with TMZ.(70) 
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This multifunctional platform contained superparamagnetic iron oxide in the shell, which allowed 

the nanoparticles to be imaged in vivo by magnetic resonance imaging (MRI), and the surface of 

the nanoparticles was tagged with a fluorescent agent. Even though theranostic agents are often 

tested following systemic administration, the authors specifically conceived their system for a local 

administration (< 100 nm diameter NPs with negative surface charge, to maximize convection 

through the extracellular space of brain parenchyma). Then, they exploited the theranostic 

properties of their nanomedicine to visualize by MRI their distribution in the brain following CED 

administration distance to the injection site. Moreover, the results of their antitumor efficacy 

study in the U87 MG xenograft model showed that nanoparticles significantly prolonged the MS of 

mice by 47% compared to the untreated group.  

Stephen et al. designed a multifunctional magnetic nanoparticle to deliver O6-benzylguanine by 

CED thus improving its biodistribution and efficacy.(66) This DDS consisted of an iron oxide core 

which could be used to image the nanoparticles by MRI and evaluate the brain diffusion via CED. 

The chitosan shell of the nanoparticle contained sulfhydryl groups which were sensitive to a redox 

environment for localized drug delivery within the cells. The chlorotoxin peptide was linked to the 

PEG surface for active targeting of GBM cells via MMP2 and Annexin A2 binding. Following CED 

administration, this DDS produced an excellent volume of distribution within the brain. The results 

of the antitumor efficacy study in the GBM6-Luc xenograft model showed that the mice treated 

with this DDS combined with oral TMZ significantly prolonged the MS compared to the untreated 

mice (p<0.001). Of note, in this study, the author defined the first treatment day as Day 0, which 

was 26 days after tumour inoculation, therefore affecting the percentage change in MS. If the 

tumour inoculation day was defined as Day 0 just as the other studies, the MS would have been 29 

days (control group) and 35 days (treatment group), meaning that the percentage change in MS 

would have been 21%. 

In another study, the BT4Ca glioma model was used to evaluate the antitumor efficacy of 

doxorubicin (DOX) microspheres and irinotecan microspheres administered intratumorally.(69) 

The results showed that the MS was only prolonged by 5% and 11% respectively compared to the 

no-treatment group, and both treatment groups did not reach a statistically significant difference 

(p=0.85, 0.33, respectively). The results of another study in this article showed that rats treated 
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with unloaded microspheres or saline boosted tumour growth.(69) The authors speculated that 

this might have been due to microsphere injection occurring too soon (three days) after tumour 

inoculation, though clearly more research is needed for a better understanding of this. This 

negative result shows how the time of treatment impacts therapeutic benefits in GBM preclinical 

orthotopic models. Indeed, following the grafting of cells in the brain, it is important to wait for 

them to form a tumour mass before treating it intratumorally. This will avoid further changes in 

the tissue architecture and the spreading of tumour cells from the injection site when 

administering liquids by CED, which would result in more infiltrated tumours and faster tumour 

growth. 

Kikuchi et al. used two different xenograft tumour models to evaluate the antitumor efficacy of 

DOX liposomes.(71) For the U251 MG tumour model, nude rats treated with DOX liposomes had a 

significantly prolonged MS by 51%. However, for the U87 MG tumour model, nude rats that 

received DOX liposomes showed an improvement of MS by only 10%, which still had a significant 

difference (p=0.016) but minimal therapeutic benefit. This difference in efficacies displayed using 

these two tumour models might be due - among other factors - to the difference in tumour size at 

the time of treatment, the life span of animals within each model, or the different cellular 

sensitivity to DOX in these two cell lines. The MS of untreated rats inoculated with U251 MG cells 

was 42.7 days while that of rats inoculated with U87 MG cells was just 15.4 days. In this 

experimental set-up, the life span of the U87 MG model was rather short, perhaps limiting the 

evaluation of therapeutic efficacy in this experimental setting. 

OncoGel is a paclitaxel (PTX) loaded thermosensitive and biodegradable hydrogel. Betty et al. 

evaluated the efficacy of OncoGel via direct intratumoural injection using the 9L rat model of 

glioma.(68) OncoGel significantly increased the survival in rats when the drug was administered on 

Day 0, the day of tumour cell implantation. However, OncoGel failed to prolong the rat survival 

time if the administration was performed on Day 5 compared to the no treatment control. The 

dose used in this study might not be enough to arrest an established tumour, even for the higher 

concentration formulation that was the maximum amount of PTX capable to be loaded into the 

OncoGel, suggesting the importance of the drug loading capacity in the local DDS. In the 

combination therapy (with radiotherapy) study, OncoGel (Day 0) combined with radiotherapy 
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further improved the efficacy compared to no treatment group, empty hydrogel control group, 

and radiotherapy only group, but if the start of the treatment was postponed to Day 5, the survival 

time in OncoGel plus radiotherapy treatment group did not reach a significant difference 

compared to the radiotherapy only group. This result confirmed that a higher PTX dose was 

required to supress the growth of the established tumour. In another study, Ananth et al. 

investigated the anti-GBM efficacy of the combination of OncoGel with oral or local TMZ using the 

9L model.(67) The median survival time was significantly increased for rats treated with OncoGel 

plus radiotherapy and oral or local TMZ compared to radiotherapy with oral TMZ treatment. 

However, this study used a rodent GBM cell line, which might not accurately represent human 

GBM characteristics. Another limitation of this study was that the administration of OncoGel and 

the local treatment of TMZ was at different times, which might not be feasible in clinical trials.  

Tetsuya et al. found that the combination of surgical tumour resection and implantation of a 

hydrogel containing camptothecin-loaded PLGA microspheres was an effective treatment for GBM 

in a C6 rat model.(72) The PLGA microspheres showed better retention at the injection site when 

incorporated in the thermoreversible gelation polymer hydrogel, whilst PLGA microspheres flowed 

back away from the injection site if injected alone. The results of the in vivo study showed that 

camptothecin hydrogel local treatment significantly prolonged the median survival time with or 

without surgical intervention compared to no treatment control. Their previous research showed 

that PLGA microspheres dispersed in the hydrogel had better therapeutic effects than the 

administration of PLGA microspheres alone, suggesting that the retention of the DDS at the 

injection site improved the targeting efficiency.(73) 

Christopher et al. developed a gemcitabine and DOX loaded peptide functionalized hyaluronic 

acid-based hydrogel with the ability to be tuned to match the mechanical properties of the brain 

tissue.(74) Two GBM models from distinct fragments in the same tumour, A25 M with stiffer 

structure and grown as large and nodular tumour masses from the margin of the tumour and A25C 

with softer mechanical properties and grown as a diffuse tumour spreading throughout the brain 

from the tumour core, were used to evaluate the anti-GBM efficacy of gemcitabine and DOX 

combined therapy. Drug loaded hydrogel treatment showed a survival advantage compared to the 

no treatment control and empty hydrogel treatment in both tumour models. However, this study 
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lacks the investigation on how the stiffness of the hydrogel affects the bioavailability of the drugs 

and the therapeutic efficacy. 
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Table 1-1 Summary of direct injec�on studies with no drug comparison controls 

Year Drug 
used 

Delivery 
vehicle Cancer model 

Treatment 
time (days) 

after tumour 
implantation 

Number 
of 

implanted 
cells 

Drug 
release 

patterna) 

MS no 
treatment 

(days) 

MS 
vehicle 
alone 
(days) 

MS Local 
delivery 
via DDS 
(days) 

% Change 
MS (Local 

DDS vs 
control)b) 

Ref. 

2021 DOX 
and 
GEM 

Hydrogel  A25 M cells - female NOD 
SCID mice  

14 100,000 Rapid N/A 61.5 79.5 54% (74) 

2021 DOX 
and 
GEM 

Hydrogel  A25C cells - female NOD 
SCID mice  

14 100,000 Rapid N/A 54.5 82.5 51% (74) 

2020 CPT Polymeric 
drug   

GL261/fluc-DsRed glioma 
cells - unspecified gender 

NCr nu/nu mice 

7 N/A Prolonged 21.5c) N/A 28.5c) 33%d) (75) 

2019 EPI Nanoparticl
es 

U87MG Lu cells - male 
nu/nu mice 

2 doses: 5, 
12 

100,000 Prolonged N/A 27 >60 122% (64) 

2017 Cu(D
DC)2 

Liposomes F98 cells - male Fischer 
rats 

10 10,000 N/A N/A 20.5 25 22% (76) 

2017 Pano
binos
tat  

Micelles F98 cells - unspecified 
gender Wistar rats 

10 100,000 N/A 24.5 N/A >60 145% (65) 

2016 SN-
38 

Micelles U87MG cells - male 
F344/NJcl-rnu/rnu (nude) 

rats 

5 200,000 N/A N/A 21 28 33% (77) 

2014 BG Nanoparticl
es 

GBM6-luc cells - 
unspecified gender nude 

athymic mice 

4 doses: 26, 
29, 34, 36 

20,000 Rapid 3 N/A 9 200% (66) 

2014 TMZ Nanoparticl
es 

U87 cells - male athymic 
nude mice 

2 doses: 4, 7 500,000 Rapid 19.0c) N/A 28.0c) 47%d) (70) 

2013 PTX Hydrogel 9L cells - female Fischer 
344 rats 

0 RP N/A 15 N/A 33 120% (67) 

2013 Digo
xin 

Nanoparticl
es 

BCSCs cells - unspecified 
gender nude rats 

N/A N/A Prolonged 114.5c) N/A 124.0c) 8%d) (78) 
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2012 DOX Microspher
es 

BT4Ca cells - male and 
female BD IX rats 

3 8,000 N/A 19 N/A 20 5% (69) 

2012 Irinot
ecan 

Microspher
es 

BT4Ca cells - male and 
female BD IX rats 

3 8,000 N/A 19 N/A 21 11% (69) 

2012 CPT Hydrogel C6 rat glioma cells - male 
Sprague-Dawley rats 

7 1,000,000 RP 18 N/A 26 44% (72) 

2010 Fc-
diOH 

Lipid 
nanocapsul

es 

9L cells - female Fischer 
344 rats 

6 1,000 N/A N/A 25 27 8% (79) 

2010 PTX Hydrogel 9L cells - female Fischer 
344 rats 

0 100,000 RP 13 N/A 31 138% (68) 

2009 TPT 
and 
GD 

Liposomes U87MG cells - male nude 
rats 

2 doses: 5, 8 500,000 N/A 20 N/A 33 65% (80) 

2008 DOX Liposomes U251MG cells - male 
nude (rnu/rnu, 

homozygous) rats 

7 500,000 N/A N/A 42.7 64.5c) 51%d) (71) 

2008 DOX Liposomes U87MG cells - male 
Fischer 344/ NJc1-
rnu/rnu (nude) rats 

7 500,000 N/A N/A 15.4 17.0c) 10%d) (71) 

Abbreviations: MS: median survival time; DDS: drug delivery system; Ref.: Reference; GEM: Gemcitabine; CPT: Camptothecin; EPI: Epirubicin; Cu(DDC)2: 
Copper diethyldithiocarbamate; BG: O6-benzylguanine; TMZ: temozolomide; PTX: Paclitaxel; DOX: Doxorubicin; Fc-diOH: Ferrociphenol; TPT: Topotecan; 
GD: gadodiamide; RP: referred to a previous protocol. Legend: a): The drug release pattern was defined from the results of in vitro drug release studies. The 
prolonged release was defined as the DDS could release more than 10% of loaded drugs after the first two days. Studies that did not have drug release data 
after day two, or the cumulative drug release from day two to the end of the experiment did not exceed 10% would be regarded as the rapid release. b): No 
treatment group was chosen as the negative control group to calculate the percentage change of MS. If the study did not have a no treatment group, the 
empty vehicle group would be used instead. c): the MS data was measured and calculated from the Kaplan-Meier survival curves (not directly stated in the 
article). d): the calculation of the percentage change in the MS data used at least one MS data not directly stated in the article.   
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1.3.3 Does using a DDS improve the efficacy of a locally administered drug? 

Similarly to the studies outlined in Table 1-1, a further nineteen studies analysed the direct 

injection of a DDS into a tumour model, but this time with the addition of a locally injected free 

drug comparison group. The separation of these studies (shown in Table 1-2) allows us to analyse 

whether the DDS confers any therapeutic benefit compared to the same drug administered 

without a delivery system. However, first, it should be noted that the percentage change in MS 

between the local DDS treatment group and the control group was highly variable, confirming the 

findings from Table 1-1.  

For 89% of the studies, the animals treated locally with a DDS showed an improvement in MS 

compared to animals treated locally with free drugs by the same administration approach. 

Injecting free drugs intratumorally did not prolong the MS in two studies compared to the control 

group.(77, 81) By contrast, in a few studies, local free drug administration prolonged the MS 

greatly.(82-84) However, except for two studies,(82, 85) local DDS treatment was more effective 

than local free drug treatment.(62, 63, 77, 78, 81, 83, 84, 86-93)  

Zhou et al. designed a brain-penetra�ng PLGA nanopar�cle DDS to overcome the infiltra�ve and 

heterogeneous nature of GBM and chemotherapy resistance.(78) The surface of the nanopar�cles 

could be modified by [18F]NPB4, which allowed the DDS to be tracked by PET imaging. The 

an�tumor efficacy of PTX-loaded brain-penetra�ng nanopar�cles was evaluated in the U87 MG 

model. The results showed that the MS of rats treated with PTX-loaded nanopar�cles was 

significantly longer than the one of animals treated with free PTX or without treatment. However, 

the authors were aware of the limita�ons of the model, including the fact that the U87 MG cells 

are not infiltra�ve and therefore do not properly mimic human GBMs. Hence, the GS5 cell line - a 

well-characterized brain cancer stem cell (BCSC) line - which could recapitulate the histopathology 

of human GBM, was used in subsequent studies. Around 2000 FDA-approved compounds were 

screened to iden�fy drugs that could inhibit the growth of GS5 cells by the thiazolyl blue 

tetrazolium bromide (MTT) assay. In vitro analysis showed that dithiazanine iodide, an an�-

helminthic cyanine dye, effec�vely inhibited the prolifera�on of GS5 cells. The authors next 

evaluated the an�tumor efficacy of dithiazanine iodide-loaded brain-penetra�ng nanopar�cles in 
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vivo. Rats treated with dithiazanine iodide-loaded nanopar�cles by CED significantly prolonged the 

MS compared to untreated rats and rats treated with the free drug by CED. 

Chen et al. developed an injectable phospholipid-based gel to deliver PTX locally.(87) The viscosity 

of drug-loaded gel was less than 100cp, which was suitable for injection (for injection, the viscosity 

should be less than 300cp).(94) The gel was added into the dialysis bag and incubated in the 

artificial cerebrospinal fluid to evaluate the drug release profile in vitro. The results showed that 

PTX release could be sustained over 30 days. The in vivo efficacy study showed that C6-bearing 

mice treated with PTX gel significantly prolonged the MS compared to mice treated with saline 

(p<0.01) and mice treated with local free PTX (p<0.05). On the other hand, a different study 

showed a totally opposite result. Barth et al. used the fifth-generation polyamidoamine dendrimer 

to conjugate cisplatin and cetuximab.(82) Compared with the control group, local free cisplatin 

prolonged the MS of rats by 262%, while the DDS slightly reduced the MS by 10% in the F98EGFR 

model. The in vitro results also showed that the DDS were devoid of cytotoxicity perhaps 

indicating that the cisplatin failed to be released from the bioconjugates. 

Bandita et al. embedded the first line drug, TMZ, into the hydrogel and evaluated the anti-GBM 

efficacy in the orthotopic model using a patient derived cell line.(88) The result showed that TMZ 

hydrogel treatment significantly prolonged the mice survival time compared to local treatment of 

the free TMZ. The reason of this improvement might be that the hydrogel formulation provides 

better drug release profiles than the free drug. 

In summary, a wide range of delivery systems have been analysed in a variety of rodent models of 

GBM. It is therefore unsurprising that a broad range of outcomes has been observed, leading us to 

undertake a meta-analysis of the data as described later on.
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Table 1-2 Summary of direct injec�on studies with local free drug control 

Year Drug 
used 

Delivery 
vehicle Cancer model 

Treatment 
time (days) 

after tumour 
implantation 

Number of 
implanted 

cells 

Drug 
release 

patterna) 

MS no 
treatment 

(days) 

MS 
vehicle 
alone 
(days) 

MS Local 
free drug 
delivery 
(days) 

MS Local 
delivery 
via DDS 
(days) 

% Change 
MS (local 
free drug 

vs 
control)b) 

% Change 
MS (Local 

DDS vs 
control)b) 

Ref. 

2021 Chloroge
nic acid 

Gel C6 cells - male 
Kunming mice 

2 600,000 Prolonged N/A 14.5 15 18.5 3% 28% (93) 

2021 MIT Nanoparti
cles 

Luci+ GL261R132H 
cells - unspecified 
gender C57BL/6J 

mice 

12 150,000 Rapid 23.0c)  N/A 36.0c) 97.0c) 57%d) 322%d) (84) 

2017 TMZ Liposomes CNS-1 cells - male 
Lewis rats 

5 500,000 N/A N/A 11.0c) 15.8 19.2 44%d) 75%d) (86) 

2017 TMZ Hydrogel GBM001 cells - 
unspecified gender 

nu/nu mice 

7 20,000 N/A N/A 20 28 38 40% 90% (88) 

2017 PTX Gel C6 cells - male 
Balb/c mice 

3 500,000 Prolonged N/A 15.5 18 26.5 16% 71% (87) 

2016 DTX Cloudy 
suspensio

n 

C6 cells - male 
Sprague-Dawley 

rats 

7 1,000,000 Rapid N/A 23.8 33.4 70.2 40% 195% (89) 

2016 SN-38 Micelles 9L cells - male 
Fischer 344 rats  

5 10,000 N/A N/A 29 28 42 -3% 45% (77) 

2016 SQ-Gem Nanoparti
cles 

RG2 cells - male 
Fischer 344 rats 

4 250,000 N/A N/A 12 13.0c) 19.0c) 8%d) 58%d) (90) 

2016 Cisplatin Polymeric 
drug 

F98EGFR cells - 
unspecified gender 

Fischer rats 

14 1,000 N/A 21 N/A 76 19 262% -10% (82) 

2015 PTX Lipid 
nanocapsu

les 

GL261 cells - female 
C57BL/6J mice 

12 10,000 N/A N/A 28 28 34 0% 21% (81) 
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2014 DOX Nanodiam
onds 

U251MG-Luc cells - 
unspecified gender 
NIH-RNU nude rats  

14 RP N/A N/A 28.4 46.6 64.6 64% 127% (83) 

2014 DOX  Nanodiam
onds 

C6-Luc cells - male 
Fischer 344 rats 

7 RP N/A N/A 31.0c) 43.8 78.2 41%d) 152%d) (83) 

2013 DI Nanoparti
cles 

GS5 cells - 
unspecified gender 

nude rats 

10 500,000 Prolonged 147 N/A 177 >280 20% 90% (78) 

2013 PTX Nanoparti
cles 

U87MG cells - 
unspecified gender 

nude rats 

7 500,000 Prolonged 27 N/A 30 46 11% 70% (78) 

2010 Am80 Micelles U87MG cells - male 
Fischer 344 nude 

rats 

7 500,000 RP N/A 14.0c) 15.0c) 15.0c) 7%d) 7%d) (85) 

2009 BCNU Nanoparti
cles 

C6 cells - male 
Sprague–Dawley 

rats 

5 1,000,000 Prolonged 12.9 N/A 14.7 22.0c) 14% 71%d) (91) 

2009 DOX  Micelles 9L cells - male 
Fischer 344 rats 

7 500,000 N/A N/A 16.9 19.6 36 16% 113% (92) 

2003 5-FU Microsphe
res  

F98 cells - female 
Fischer F344 rats 

7 1,000 Prolonged 22.7 23.8 26.5 34.1 17% 50% (63) 

1996 5-FU Microsphe
res  

C6 cells - female 
Sprague-Dawley 

rats 

7 200,000 RP 24.0c) N/A 30.5c) 39.5c) 27%d) 65%d) (62) 

Abbreviations: MS: median survival time; DDS: drug delivery system; Ref.: Reference; MIT: Mitoxantrone; TMZ: Temozolomide; PTX: Paclitaxel; DTX: 
Docetaxel; SQ-Gem: Squalenoyl-gemcitabine; DOX: Doxorubicin; DI: Dithiazanine iodide; BCNU: carmustine; 5-FU: 5‐fluorouracil; RP: referred to a previous 
protocol. Legend: a): The drug release pattern was defined from the results of in vitro drug release studies. The prolonged release was defined as the DDS 
could release more than 10% of loaded drugs after the first two days. Studies that did not have drug release data after day two, or the cumulative drug 
release from day two to the end of the experiment did not exceed 10% would be regarded as the rapid release. b): No treatment group was chosen as the 
negative control group to calculate the percentage change of MS. If the study did not have a no treatment group, the empty vehicle group would be used 
instead. c): the MS data was measured and calculated from the Kaplan-Meier survival curves (not directly stated in the article). d): the calculation of the 
percentage change in the MS data used at least one MS data not directly stated in the article.
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1.3.4 Can local drug administration give higher efficacy than systemic delivery? 

Of all the eligible studies included in this review, only six of them compared systemic vs 

intratumoral administration of the same drug. In all these studies, outlined in Table 1-3, the 

systemic treatment group improved the MS by less than 50% compared to untreated controls, 

while animals treated with local DDS showed a prolonged MS of more than 100% in four of six 

studies.(95-98) Except for one study,(99) local DDSs showed a better antitumor effect than the 

systemic administration of the same drug. 

Chen et al. compared the antitumor efficacy of irinotecan liposomes by different routes of 

delivery.(97) Two different types of GBM xenograft models which use cells derived from primary 

human GBM tissues were used to evaluate the in vivo antitumor efficacy of this DDS. GBM43 cells 

were shown to be radioresistant and SF7796 cells were derived from a recurrent tumour. The 

results showed that local delivery of irinotecan liposomes by CED significantly enhanced the 

antitumor efficacy in both models compared to systemic administration by tail vein (p<0.001 in the 

GBM43 model and p=0.048 in the SF7796 model). Laine et al. developed an active targeting 

strategy to deliver ferrociphenol.(99) NFL-TBS.40–63 peptide (cell-penetrating peptide) was 

inserted onto the surface of lipid nanocapsules. The results of the in vivo study in the 9L model 

showed that the intratumoral delivery by CED significantly reduced the MS, while animals treated 

with intracarotid administration had increased MS. While this study showed the beneficial effect 

of active targeting in intracarotid treatment, it also showed that CED administration of 

ferrociphenol lipid nanocapsules was not safe in this experimental setting leading to severe side 

effects.  

Chiara et al. found that local delivery of lauroyl-gemcitabine lipid nanocapsule based hydrogel 

prolonged the mice survival compared to intratumoral injection of the free drug in the orthotopic 

GBM model.(96) However, in the GBM resection model, the survival time did not show significant 

difference between hydrogel implantation group and free drug local administration group. The 

reasons of these conflicting results might be the difference of the tumour microenvironment with 

or without resection, the immunostimulatory capacities of the drug, and different humoral 

adaptive and innate immune response of the animals. This comparative experiment also revealed 

that the tumour resection attenuated the effect of using the DDS. As less tumour cells remained in 
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the brain, the targeting capacity of the DDS towards the monocytic-myeloid derived suppressor 

cells could not lead to a significant benefit of the treatment.(100) 

As stated earlier, the current standard of care therapy for GBM is surgical resection followed by 

the Stupp protocol. TMZ is an alkylating agent able to pass the BBB following oral administration, 

so it is a good drug candidate to assess whether local delivery can outperform systemic delivery. 

Lin et al. delivered TMZ-loaded liposomes directly into the tumour by CED.(95) The U87 MG-

bearing mice treated twice with local TMZ liposomes had a significantly longer MS compared with 

the control group, while mice treated three times with oral TMZ had no significant improvement in 

survival. Zhang et al. implanted TMZ poly (d,l-lactide-co-glycolide) (PLGA) microparticles on the 

surface of the tumour tissue to evaluate the antitumor effect in the C6 glioma model.(98) Rats 

treated with TMZ microparticles locally had a significantly longer MS than rats treated with TMZ 

orally (p=0.002). These studies demonstrate that local delivery can enhance the antitumor effect 

and reduce systemic toxicities by decreasing the TMZ concentration in circulating blood. 
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Table 1-3 Summary of direct injec�on studies with systemic direct control 

Abbreviations: MS: median survival time; DDS: drug delivery system; Ref.: Reference; TMZ: Temozolomide; GemC12: Lauroyl-gemcitabine; Fc-diOH: 
Ferrociphenol; RP: referred to a previous protocol. Legend: a): The drug release pattern was defined from the results of in vitro drug release studies. The 
prolonged release was defined as the DDS could release more than 10% of loaded drugs after the first two days. Studies that did not have drug release data 
after day two, or the cumulative drug release from day two to the end of the experiment did not exceed 10% would be regarded as the rapid release. b): No 
treatment group was chosen as the negative control group to calculate the percentage change of MS. If the study did not have a no treatment group, the 
empty vehicle group was used instead. c): the MS data was measured and calculated from the Kaplan-Meier survival curves (not directly stated in the article). 
d): the calculation of the percentage change in the MS data used at least one MS data not directly stated in the article.

Year Drug 
used 

Delivery 
vehicle Cancer model 

Treatment 
time (days) 

after tumour 
implantation 

Number of 
implanted 

cells 

Drug 
release 

patterna) 

MS no 
treatment 

(days) 

MS 
vehicle 
alone 
(days) 

MS 
Systemic 
delivery 
(days) 

MS 
Local 

delivery 
via DDS 
(days) 

% Change 
MS 

(systemic vs 
control)b) 

% Change 
MS (local 

DDS vs 
control) b) 

Ref. 

2018 TMZ Liposomes U87MG cells - 
male nu/nu mice 

2 doses: 10, 
17 

100,000 Prolonged 25 N/A 28.5 50 14% 100% (95) 

2017 GemC12 Hydrogel U87MG cells - 
female NMRI 

nude mice 

15 30,000 RP 24 28 36 49 50% 104% (96) 

2013 Irinotec
an  

Liposomes GBM43 cells - 
female athymic 

mice  

2 doses: 5, 8 300,000 N/A 19.0c)  N/A 27.0c) 55.0c) 42%d) 189%d) (97) 

2013 Irinotec
an  

Liposomes SF7796 cells - 
female athymic 

mice  

20 300,000 N/A 41.0c) N/A 48.0c) 58.5c) 17%d) 43%d) (97) 

2012 Fc-diOH Lipid 
nanocapsul

es 

9L cells - female 
Fischer F344 rats 

6 100,000 N/A 25 N/A 26.5c) 11 6%d) -56% (99) 

2011 TMZ Microspher
es 

C6 cells - male 
Sprague–Dawley 

rats 

6 2,000,000 RP 19.5  N/A 27 46.5 38% 138% (98) 
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1.3.5 Meta-analyses 

Meta-analyses of the included studies were carried out to determine the overall effect size for the 

ques�ons posed previously. Two eligible studies were excluded from the meta-analysis as the 

survival �me of each animal was not available.(81, 82) A meta-analysis that compared locally 

administrated injectable DDS with nega�ve control groups across 42 studies was conducted firstly 

to analyse whether a DDS directly administrated into the tumour �ssue could improve the MS via 

the hazard ra�o method.(59) For the purpose of this study, the hazard ra�o-based “�me to event” 

methodology was used, which gives the MS ra�o between the interven�on of the local DDS vs no 

DDS treatment controls. The diamond in the forest plot (Figure 1-5) showed that the total MS ra�o 

(indicated as hazard ra�o) was 1.68 (95% confidence interval (CI), 1.63-1.73), which reached a 

significant difference (p<0.00001). This result indicated that local administra�on of injectable DDS 

was beneficial for the survival �me of animals. The heterogeneity in this meta-analysis was at a 

high degree (I2=100%). The reason for this is probably because studies used different model drugs, 

delivery vehicles, tumour cells, animal models, and administra�on methods. According to Tables 1-

1, 1-2 and 1-3, the �me of tumour incuba�on prior to the treatment varied from the same day of 

implanta�on to 26 days a�er implanta�on; the number of implanted cells varied from 1,000 to 

2,000,000. These experiment se�ngs obviously affected the tumour size when star�ng the 

treatment, and the survival �me of animals without treatment or animals in treatment groups, 

which would further affect the value of the MS ra�o. Only 16 of the 44 studies had in vitro drug 

release results included in the study. Some studies showed that a DDS with a rapid release patern 

could prolong the MS of animals treated with the DDS by more than 100% compared with that in 

the control group,(66, 84, 89) while a sustained-release DDS only slightly increased the MS by less 

than 30% in some studies.(78, 93) It might indicate that a sustained-release patern does not 

necessarily mean a beter an�tumor efficacy.  
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Figure 1-4 A forest plot of the hazard ra�o shows the an�tumor efficacy of locally administered 

injectable DDSs compared with control groups.  

The table shows the median survival ra�o (hazard ra�o), the standard error (SE) and 95% 

confidence intervals (CI) of each study. 

Another meta-analysis across seventeen studies was conducted to analyse whether using a DDS 

improved the efficacy of a locally administered drug. In this case, as a direct comparison was 

carried out between two therapeu�c interven�ons, the mean difference method was used. 

Despite a large amount of heterogeneity (I2=75%), Figure 1-6 shows that local administra�on of 

injectable DDS could enhance the an�tumor efficacy significantly (mean difference=0.17; 95% CI, 

0.13-0.21; p<0.00001) compared with locally administrated free drugs.  
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Figure 1-5 A forest plot shows the an�tumor efficacy of locally administered injectable DDSs 

compared with locally injected free drugs. 

The table shows the log-transformed data of the median survival ra�o (Mean), the standard 

devia�on (SD) and the number of animals in each group (Total). The mean difference shows the 

95% confidence interval of each study. 

Six of all the eligible studies had a systemic treatment group using the same drug as in the local 

administra�on. A meta-analysis was conducted across these studies to compare the an�tumor 

efficacy between systemic treatment and local treatment. As shown in Figure 1-7, animals locally 

treated with DDS had a significantly prolonged MS compared with animals systemically treated 

with either the free drug or the DDS (mean difference=0.17; 95% CI, 0.07–0.26; p=0.0007). 

 

Figure 1-6 A forest plot shows the an�tumor efficacy of locally administered injectable DDSs 

compared with systemic administra�on of either the free drug or the DDS. 

The table shows the log-transformed data of the median survival ra�o (Mean), the standard 

devia�on (SD) and the number of animals in each group (Total). The mean difference shows the 

95% confidence interval of each study. 
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1.3.6 Quality assessment of the included articles 

Study quality was assessed by the 12-point checklist in all 36 included ar�cles. Table 1-4 shows the 

full breakdown score of the quality assessment. Except for one ar�cle, all ar�cles were peer-

reviewed publica�ons. None of them men�oned how to calculate the sample size. Most of the 

ar�cles stated the accurate site and the number of inoculated tumour cells for the establishment 

of a cancer model. Only three ar�cles reported the number of animals in which the tumour did not 

grow, and two ar�cles used a blinded assessment for in vivo studies. For greater research 

transparency and reproducibility, we think that the points on this checklist are important for 

researchers of future studies to consider. In par�cular, the blinded assessment of outcomes is a 

simple way to remove biases in the study. 

Table 1-4 The specifics of quality assessment scores allocated to each included ar�cle 

Year 1st Author 1 2 3 4 5 6 7 8 9 10 11 12 Total Ref. 

2021 Parkins 1 0 1 0 1 1 1 1 0 1 1 0 8 (74) 

2021 Zhou 1 0 1 0 1 1 1 0 0 0 0 0 5 (93) 

2021 Zhang 1 0 1 0 1 1 1 1 0 1 0 1 8 (84) 

2020 Allen 1 0 1 0 1 0 0 0 0 NDS 1 1 5 (75) 

2019 Pang 1 0 1 0 1 1 1 1 1 NDS 0 1 8 (64) 

2018 Lin 1 0 0 0 1 1 1 1 1 0 0 0 6 (95) 

2017 Wehbe 1 0 0 0 1 1 1 1 0 0 1 0 6 (76) 

2017 Singleton 1 0 1 1 1 1 1 RP 0 NDS 1 1 8 (65) 

2017 Nordling-David 1 0 0 0 1 1 1 1 0 1 1 1 8 (86) 

2017 Adhikari 1 0 0 0 1 1 1 1 0 NDS 0 1 6 (88) 

2017 Chen 1 0 1 0 1 1 1 1 0 NDS 1 0 7 (87) 

2017 Bas�ancich 1 0 1 0 1 1 1 1 1 1 1 1 10 (96) 

2016 Zhang 1 0 1 0 1 1 1 1 0 NDS 0 0 6 (77) 

2016 Xu 1 0 1 0 1 1 1 1 0 NDS 0 1 7 (89) 

2016 Gaudin 1 0 0 0 1 1 1 1 0 NDS 1 0 6 (90) 

2016 Barth 1 0 1 0 1 1 1 RP 0 NDS 1 1 7 (82) 

2015 Lollo 1 0 0 0 1 0 1 1 0 0 1 1 6 (81) 

2014 Stephen 1 0 0 0 1 0 1 1 0 NDS 1 0 5 (66) 

2014 Bernal 1 0 1 0 1 1 1 RP 0 NDS 0 0 5 (70) 

2014 Xi 1 0 0 0 1 1 RP RP 0 NDS 0 1 4 (83) 
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2013 Vellimana 1 0 0 0 1 0 RP RP 0 NDS 0 0 2 (67) 

2013 Zhou 0 0 0 0 1 1 1 1 0 NDS 1 0 5 (78) 

2013 Chen 1 0 0 0 1 1 1 RP 0 NDS 1 1 6 (97) 

2012 Ozeki 1 0 0 0 1 0 1 1 0 0 0 0 4 (72) 

2012 Glage 1 0 1 1 1 1 1 1 0 0 0 1 8 (69) 

2012 Laine 1 0 0 0 1 0 1 1 0 0 0 0 4 (99) 

2011 Zhang 1 0 1 0 1 0 1 1 0 0 0 1 6 (98) 

2010 Allard 1 0 1 0 1 0 1 1 0 NDS 0 0 5 (79) 

2010 Tyler 1 0 1 0 0 1 1 1 0 0 0 0 5 (68) 

2010 Yokosawa 1 0 1 0 1 0 1 1 0 NDS 0 1 6 (85) 

2009 Grahn 1 0 1 0 1 0 1 1 0 0 0 1 6 (80) 

2009 Kang 1 0 1 0 0 0 1 1 0 NDS 0 0 4 (91) 

2009 Inoue 1 0 1 0 1 0 1 1 0 0 0 0 5 (92) 

2008 Kikuchi 1 0 1 0 1 1 1 1 0 NDS 0 0 6 (71) 

2003 Fournier 1 0 1 0 0 0 1 1 0 1 1 1 7 (63) 

1996 Menei 1 0 1 0 0 0 1 1 0 1 1 1 7 (62) 

Where: 1 = Peer-reviewed publica�on, 2 = sample size calcula�on, 3 = random alloca�on to groups, 4 = 

blinded assessment of outcome, 5 = compliance with animal welfare regula�ons, 6 = statement of poten�al 

conflict of interests, 7 = uniform volume or number of cells inoculated, 8 = consistent site of tumour 

implanta�on, 9 = reported number of animals in which the tumour did not grow, 10 = stated number of 

excluded animals, and given reasons for exclusion, including anomalies, 11 = explana�on of tumour model 

used, or mul�ple glioma models used, 12 = presenta�on of evidence that the chemotherapeu�c agent acts 

directly against tumour. Abbrevia�ons: RP: referred to a previous protocol, NDS: not directly stated, but all 

animals accounted for, Ref.: Reference. 

1.4. Conclusions 

Overall, the results of this study show that local drug delivery within the tumour mass is a 

promising approach to overcome the intrinsic GBM therapeu�c challenges. Bypassing the BBB 

allows researchers to increase the number of ac�ve molecules that can be explored to defeat this 

devasta�ng tumour and achieve high local drug concentra�ons thus maximizing their therapeu�c 

effect. While the number of ar�cles describing the use of local treatments for GBM in preclinical 

models has increased exponen�ally since Gliadel®’s approval, the clinical trials have been limited 

leading to no new local treatments approved for GBM since 1997.(53) Indeed, the development of 

local treatments for GBM is challenging, especially for non-resectable tumours where no cavity 
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exists for implanta�on. Several parameters need to be considered to properly achieve the 

therapeu�c goal. These include a DDS design and formula�on development which considers the 

GBM physiopathology and unique microenvironment, adapted proper�es for a local applica�on in 

the brain, and a careful characteriza�on of its in vivo safety and efficacy using appropriate 

preclinical models.(101)  

The goal of this systema�c review and meta-analysis was to evaluate the therapeu�c efficacy of 

DDS intratumorally delivered via injec�on in unresected GBM preclinical models. In addi�on, we 

asked whether the DDS itself plays a role in outcomes by comparison to locally injected free drugs. 

The meta-analyses showed that whilst there was a high degree of variability across studies, local 

injec�on of delivery systems resulted in an improvement of MS compared to control groups and 

local injec�on of free drugs. This study also showed that local drug administra�on via a DDS could 

outperform systemic administra�on of free drugs. These results indicate that local delivery s�ll 

holds promise for this scope, but efforts should be made to standardize the methods used to test 

such systems to compare their efficacy.  

Indeed, the therapeu�c effect observed following intratumoral administra�on can be subject to 

many variables and biases. For example, the GBM model chosen for the study can directly impact 

the outcome as less infiltra�ve cell lines are likely to respond beter to local treatment compared 

to more aggressive models. Also, the volume injected, the injec�on rate, the drug dose, and the 

�me of administra�on – which vary between studies – can make it very difficult to compare data 

between different groups (or between different inves�gators working in the same group). 

Moreover, the tumour size at the �me of treatment is not always measured and/or reported so it is 

difficult to replicate the studies and understand the real impact of the treatment in the long-term.  

Most of the papers reported in this review used xenogra� models using established GBM cell lines 

to test the efficacy of local treatments. While these models lead to reproducible and reliable 

experiments with high engra�ment and growth rates - and some of them have shown to s�ll mimic 

the true biological nature of GBM (102) - cells are injected into the brain of immunodeficient 

animals. In recent years, the crosstalk between glial cells and immune cells (brain resident 

macrophages as well as immune cells recruited from the periphery) has been demonstrated to 

impact tumour cell behaviour. Tes�ng local treatments on several models could help our 

understanding of the real therapeu�c efficacy and poten�al long-term impact, thus par�ally filling 

the preclinical-clinical gap.  
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Whilst the prognosis for GBM is universally poor, there is no local interven�on for non-resectable 

tumours. S�ff wafers such as Gliadel® are not only unsuitable but suffer from rapid release of 

monotherapy. The studies in this review show promise in this regard (so� hydrogels and injectable 

formula�ons) though it is likely that delivery of mul�ple drugs ac�ng via differing mechanisms 

would be beneficial. Key considera�ons moving forward will be the evalua�on of drug penetra�on 

to residual GBM cells prolifera�ng deeper into the brain parenchyma,(103) obtaining op�mal drug 

release profiles in vivo,(53) and mul�faceted modes of therapeu�c ac�on. However, to date, the 

meta-analysis conducted herein shows a clear ra�onale for the con�nued development of 

injectable local drug delivery devices for GBM therapeu�cs.  

Injectable biomaterials for local drug delivery in GBM span a wide range of natural and synthe�c 

polymers. For example, natural materials such as hyaluronic acid-based hydrogel(74) and soybean 

phospholipid-based gel(93) were inves�gated due to their biocompa�bility. In contrast, synthe�c 

polymers, including 3-ethyl-3-(hydroxymethyl)oxetane,(75) poloxamer 407,(65) poly(ethylene 

glycol)-poly(amino acid) co-polymer,(77) and poly(D,L-lac�de-co-glycolide)-poly(ethylene glycol) 

triblock copolymer,(67) offer beter control over degrada�on kine�cs and drug release profiles and 

have been widely used to fabricate drug delivery vehicles such as hydrogels and micelles. 

A variety of drug candidates have been tested for local treatment of GBM, not only due to their 

inability to pass the BBB, but also for their poten�al to overcome resistance to alkyla�ng agents. 

While many of these candidates have demonstrated survival benefits in animal studies, a 

comprehensive screening of exis�ng oncology and neuroac�ve drugs could further aid in 

iden�fying potent therapeu�c molecules. Repurposing FDA-approved drugs may accelerate the 

development process by leveraging exis�ng preclinical and clinical data. 

2. Drug repurposing 

At present, discovering novel therapeu�cs is becoming increasingly challenging in the 

pharmaceu�cal industry. The burden of investment to find next-genera�on chemotherapeu�cs is 

growing, fuelling the ra�onale for drug repurposing approaches.(104) By repurposing or 

reposi�oning exis�ng drugs for new indica�ons, the �me and money invested per successful 

outcome can poten�ally be reduced.(105) Many reasons may facilitate this strategy, including 

drugs failing to show efficacy in the late stage of clinical trials but proven the safety in early stage 

of clinical trials, the economic benefit not being enough in a certain therapy area, and the 

mechanism of ac�on found to effec�vely treat another disease during the development 
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process.(106) To develop a novel cancer drug, the median �me and median cost were 7.3 years 

and $648 million, respec�vely.(107) However, drug repurposing can accelerate clinical trials by 

using exis�ng data such as pharmacokine�c data, pharmacodynamic data, and safety data from 

previous clinical trials, which reduces the drug development �me by 3-5 years and the investment 

by $300 million.(108, 109)  

There are dozens of FDA-approved drugs that have proven ac�vity in GBM models, with some of 

them being tested in clinical trials.(110-113) Losartan, used to treat high blood pressure, showed 

the effect of decompressing vessels to normalize the tumour microenvironment.(114) An open-

label phase II clinical trial (NCT03951142) uses losartan for the treatment of newly diagnosed and 

recurrent GBM to assess the safety of losartan and the dose-response rela�onship. Atorvasta�n 

used to prevent cardiovascular disease, could inhibit tumour cell prolifera�on and migra�on in 

vitro.(115) A single-arm phase II study (NCT02029573) used atorvasta�n in combina�on with 

radiotherapy and TMZ to treat newly diagnosed GBM, whose results showed 19.9 months of 

median survival �me.(116)  

Chloroquine, an an�malarial medica�on, might be used as an adjuvant to the standard treatment 

(NCT04772846, NCT02378532). The results of a randomized, double-blind, placebo-controlled trial 

showed that although pa�ents treated with chloroquine combined with carmus�ne and 

radiotherapy did not show significant median survival benefits compared to pa�ents treated with 

placebo plus chemoradiotherapy, the rate of death was decreased.(117) Chlorpromazine, primarily 

used to treat schizophrenia, was inves�gated as a poten�al adjuvant during the temozolomide 

solely in the adjuvant phase of the standard treatment (NCT04224441). 

Screening exis�ng drugs for poten�al candidates for use in GBM has provided a variety of drug 

candidates, though drug permeability across the BBB is the crucial obstacle for drug selec�on. 

Systemic drug delivery requires high BBB permeability to achieve therapeu�c concentra�on in 

GBM �ssue, hence giving ra�onale for screening neuroac�ve drugs. Sohyon Lee et al. used an 

image-based ex vivo drug screening method, also called pharmacoscopy, to screen drug candidates 

through the effec�ve reduc�on of tumour cell popula�on rela�ve to non-malignant cells in the 

tumour microenvironment.(118) 67 neuroac�ve drugs were tested across 27 GBM pa�ent 

samples. The results showed that vor�oxe�ne got the top mean score, which did not show an�-

GBM efficacy before. Brexpiprazole also showed posi�ve an�-GBM ac�vity, and interes�ngly, male 

pa�ent samples were more sensi�ve to it. Three repurposed drugs, clemas�ne, brexpiprazole, and 

vor�oxe�ne, were inves�gated for their poten�al efficacy against GBM (Figure 1-7).  
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Figure 1-7 Structures of repurposed drugs. 

(A): clemas�ne, (B): brexpiprazole, (C): vor�oxe�ne. 

2.1 Clemastine 

Clemas�ne has been used for nearly 60 years in clinics as a first-genera�on an�histamine drug. It 

exhibits antagonist ac�vity at the H1 histamine receptor,(119) used for allergic suppression such as 

allergic rhini�s and asthma.(120, 121) Histamine receptors are expressed in various types of cells 

such as nerve cells, immune cells, and smooth muscles, so an�histamines as well as clemas�ne 

have been researched as repurposed drugs on many indica�ons.(122) GBM stem cells secreted 

histamine and promoted GBM progression by enhancing angiogenesis, and the an�histamine drug, 

diphenhydramine, inhibited GBM tumour growth.(123) Using siRNA or ciproxifan to inhibit the 

histamine receptor 3 significantly impeded the GBM tumour growth.(124) Moreover, clemas�ne 

treatment reduced the amount of invasive GBM cells and prolonged the mice's survival �me.(125) 

So, I hypothesized that clemas�ne local treatment might achieve beter therapeu�c efficacy.  

2.2 Brexpiprazole 

Brexpiprazole is an atypical an�psycho�c approved by the FDA in 2015. It is used to treat major 

depressive disorders and schizophrenia as an adjuvant. In 2023, it was approved by the FDA as the 

first and the only medica�on to treat agita�on associated with demen�a due to Alzheimer's 

disease.(126) Brexpiprazole acts with par�al agonist ac�vity at 5-hydroxytryptamine1A (5-HT1A), 

dopamine D2 and D3 receptors, and antagonist ac�vity at 5-HT2A,5-HT2B and 5-HT7 receptors.(127) 

More than 99% of Brexpiprazole is bound with serum albumin in the blood.(128) Typically, 

Brexpiprazole at a dosage of 2-4 mg/day showed effec�veness in the treatment of 

schizophrenia.(129-131) A�er 6 weeks of treatment, both young and old schizophrenia pa�ents 

had a symptoma�c response and func�onal response compared to placebo-treated pa�ents.(132) 

Suzuki et al. found that Brexpiprazole downregulated the expression of an an�-apopto�c protein 

called survivin resul�ng in GBM stem cells being more sensi�ve to chemotherapeu�c 
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reagents.(133) Brexpiprazole also reduced the stemness of cancer stem cells by downregula�ng 

the expression of CD133 and other stem cell markers.(133) 

2.3 Vortioxetine 

Vor�oxe�ne, approved by the FDA in 2013, is used to treat major depressive disorders. It inhibits 

5-HT reuptake and modulates key 5-HT receptors, which is an antagonist of 5-HT3, 5-HT7, and 5-

HT1D receptors, a par�al agonist of 5-HT1B receptor, an agonist of 5-HT1A receptor and an inhibitor 

of serotonin transporter.(134, 135) The results of animal studies showed that vor�oxe�ne could 

elevate the extracellular concentra�on of neurotransmiters such as noradrenaline, dopamine, 

acetylcholine, and histamine.(135, 136) The treatment effect of vor�oxe�ne in the clinic was 

relevant to the dosage, and a higher dose could achieve a beter treatment effect (5-20 

mg/day).(137) A meta-analysis revealed that vor�oxe�ne ranked in the top one-third both in 

efficacy and acceptability among 21 an�depressants.(138) Recent research demonstrated that 

vor�oxe�ne upregulated AP-1 transcrip�on factor further driving the expression of BTG 1 tumour 

suppressor and exerted an�-GBM efficacy in preclinical studies.(118) 

As men�oned in Sec�on 1, local drug delivery using a DDS within the tumour mass has 

demonstrated superior performance compared to both systemic administra�on and local delivery 

of the free drug, suppor�ng the ra�onale for further development of novel DDS approaches. The 

mechanical mismatch is a cri�cal limita�on of the rigid Gliadel® wafer, so biomaterials with so�er 

structures are appealing for the design of next-genera�on DDS used in the brain. Cryogels, which 

are similar to hydrogels, offer enhanced mechanical integrity, ease of handling, and high elas�city, 

making them a promising pla�orm for intracranial drug delivery. 

3. Cryogels 

Cryogels are a type of three-dimensional (3D) hydrophilic network with interconnected 

macropores. They are prepared via a controlled freezing procedure before or during 

polymeriza�on. In general, water-soluble monomers are used, and the prepolymer solu�on is 

frozen followed by crosslinking and thawing the ice crystals. The solvent used in cryogela�on, 

water, makes the produc�on process more economical and environmentally friendly than an 

organic solvent involved in preparing other polymer materials. The prepolymer solu�on is 

therefore concentrated around the ice crystalline arrangement. A�er polymerizing and defros�ng, 

interconnected macropores are le� behind in the cryogels. Other solvents such as 1,4-dioxane and 

dimethyl sulfoxide could be used if a higher freezing temperature is required.(139, 140) 



Chapter 1: General introduc�on 

38 
 

Cryogels are similar to hydrogels but have some advantages for drug delivery applica�ons. The 

interconnected macroporous structure enhances the viscoelas�c property of cryogels and reduces 

physical deforma�on.(141) Cryogels can be dehydrated and rehydrated without losing mechanical 

integrity, whilst hydrogels typically lose their original shape when dehydrated. Cryogels also hold 

the advantage of possessing shape memory. The structure of the cryogels can be restored 

completely a�er being dried out and rehydrated. Meanwhile, cryogels have highly elas�c 

proper�es. In a direct comparison, hydrogels could be only strained by around 20% before 

mechanical destruc�on, however, cryogels of the same polymer composi�on could be strained by 

more than 70%.(142) Moreover, the Young’s modulus of cryogels is lower than that of hydrogels 

fabricated by the same composi�on (4 ± 2 kPa vs 42 ± 4 kPa).(143) It indicates that cryogels are a 

more suitable biomaterial for applica�on in so� �ssue. Combining the proper�es of elas�city and 

shape memory, cryogels can pass through pinholes that are much smaller than their size.(143, 144) 

Furthermore, they can be produced with customized shapes. Therefore, cryogels could be used as 

an injectable vehicle for irregularly shaped �ssue cavi�es.(143, 145) In addi�on, cryogels can be 

autoclaved and remain intact, which is a basic requirement in clinical applica�ons.(146) With these 

remarkable proper�es, cryogels have a wide range of applica�ons in the fields of cell culture, 

biosepara�on, �ssue engineering, and drug delivery.(147-151) 

Many methods can be employed for cryogela�on, including free radical polymeriza�on,(152) 

irradia�on polymeriza�on,(153) condensa�on polymeriza�on,(154) enzyma�c catalysis,(155) and 

self-assembly.(156) Free radical polymeriza�on is a commonly used method for the fabrica�on of 

cryogels, which consists of three reac�on stages: ini�a�on, propaga�on, and termina�on.(157) The  

commonly used type I photoini�ators (e.g., 2-Hydroxy-2-methylpropiophenone (HMPP)(158) and 

lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP)(159)) generate two free radicals by a 

cleavage reac�on a�er absorbing the photon. These free radicals react with monomers to produce 

radical monomers to ini�ate polymeriza�on. Monomers with free radicals further react with other 

monomers to propagate the chain. Termina�on usually happens when two chains with radicals 

merge into one longer chain. A�er the polymeriza�on reac�on, cryogels can be washed to remove 

the photoini�ators and unreacted monomers. 

The physicochemical proper�es of cryogels, including pore size, s�ffness, and porosity, can be 

controlled by altering the parameters of the prepolymer solu�on or in the process of freezing. For 

example, higher monomer concentra�on increases the number of cross-linkable groups, which 

results in a decrease in the pore size, with cryogels becoming s�ffer.(160) On the other hand, the 
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crosslinking temperature and the cooling rate can affect the pore size considerably. A higher 

cooling rate at a lower freezing temperature can produce smaller pores.(161) This is based on the 

mechanism of the growth of ice crystals. Specifically, at a higher cooling rate, the rate of 

crystalliza�on will increase, and more ice crystals will be formed.(162) For a certain volume of 

solvent, the quan�ty of ice crystals will increase whilst the size of ice crystals will become smaller. 

Therefore, more pores are generated in the cryogels, and the pore size becomes smaller. 

Meanwhile, with smaller and denser pores, the s�ffness of the cryogels is enhanced.(163) 

A variety of polymer materials can be used to create cryogels. Natural polymers including 

alginate,(164) silk,(165) gela�n,(166) and cellulose,(167) and synthe�c polymers including 

polyethylene glycol (PEG),(168) poly(l-lac�c) (PLLA),(169) and polyvinyl alcohol (PVA)(170) are 

widely u�lized for the prepara�on of cryogels. PEG is generally inert and safe in biological 

environments and has extensive applica�ons in medicine. PEG-modified with acrylate groups can 

be used for radical polymeriza�on, which makes it possible to undergo chemical crosslinking. 

Addi�onally, the proper�es of PEG can be enhanced by copolymeriza�on with other 

compounds(171). For example, N,N-dimethyl acrylamide (DMAAm) is used to prepare ca�onic 

cryogels,(172) 2-acrylamido-2-methyl-1-propan sulfonic acid (AMPS) is used as a func�onal group 

for anionic cryogel.(173) 

It is worth no�ng that the PEG-based cryogel used in this study is a non-biodegradable material, 

meaning that it remains permanently in the brain following implanta�on. While PEG-based 

cryogels are generally biocompa�ble, poten�al long-term side effects in clinical applica�ons must 

be considered, where such outcomes are difficult to assess in preclinical animal studies. In a clinical 

trial involving encapsulated cell biodelivery implants delivering nerve growth factor for Alzheimer’s 

disease, polyurethane, a non-degradable material, was used as the tethering component.(174) 

These implants were successfully retrieved a�er 12 months with no evidence of inflamma�on or 

displacement, sugges�ng that non-biodegradable implants can be well-tolerated in the human 

brain. Nevertheless, for safety reasons, non-degradable systems may poten�ally need removing 

a�er comple�ng drug release, which introduces addi�onal surgical risk, especially for vulnerable 

GBM pa�ents.  

To prepare cryogels with well-defined dimensions, a template or mould is typically used to contain 

the precursor solu�on during the freezing and crosslinking process.(175) However, producing tens 

of thousands of microscale cryogels of uniform size using this method is both difficult and �me-

consuming. In contrast, droplet-based microfluidics enables the genera�on of monodisperse 
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emulsions with precise control over droplet size, offering poten�al for scalable produc�on.(176) 

Addi�onally, microscale cryogels are suitable to be administered as the injec�on, expanding their 

applicability to both resectable and non-resectable forms of GBM. 

4. Droplet-based microfluidics 

Microfluidics is a technology that manipulates very small quan��es of controllable fluids (10-9 to 

10-18 L) in a microscale channel.(177) When the fluid dimension decreases to the microscale, the 

characteris�c of the fluid remarkably changes due to the increase in the specific surface area, 

including highly efficient mass and heat transfer, mass transport dominated by viscous dissipa�on 

rather than iner�al effects, and significant surface effects.(178) Droplet-based microfluidics is a 

branch of microfluidics techniques, which generates droplets by mul�ple immiscible flows in 

microchannels.  

The design of microfluidic devices is dis�nguished as co-flow, cross-flow, and flow-focusing.(179) In 

the cross-flow geometry (Figure 1-8 (A)), two fluid flows meet at the junc�on with an angle. 

Orthogonal channel design is most used in this geometry, also known as a T-junc�on. Two flow 

phases are introduced into coaxial channels in a co-flow configura�on (Figure 1-8 (B)), where the 

con�nuous phase envelops the dispersed phase. Flow-focusing geometry can be regarded as a 

specific case of co-flow geometry (Figure 1-8 (C)), in which two fluids are focused to go through a 

contrac�on region. The dispersed phase is symmetrically shared by the con�nuous phase, meaning 

the droplet genera�on is more controllable and stable.(180) The factors that affect the size of the 

droplets include the size of microchannels, flow rates of con�nuous and dispersed phases, 

interfacial tension, and the viscosi�es of the two phases.(181) All these factors can be controlled 

accurately, and the size of the droplets can be adjusted by changing the size of the microchannels 

or the flow rate ra�o, which means that the droplet size is predictable.(182) According to different 

flow rates of the dispersed phase and con�nuous phase, the droplet genera�on regimes can be 

classified as squeezing, dripping, and je�ng.(183, 184)  
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Figure 1-8 Illustra�on of the geometries of microfluidic devices. 

(A): cross-flow geometry, (B): co-flow geometry, (C): flow-focusing geometry. This figure is adapted 

from (179). 

Droplets are generated in the squeezing regime when the flow rate ra�o of the dispersed phase to 

the con�nuous is high (Figure 1-9 (A)). The dispersed phase can fill the outlet channel and separate 

the con�nuous phase resul�ng in very large droplets. In contrast, the je�ng regime occurs at a low 

flow rate ra�o of dispersed phase to con�nuous phase (Figure 1-9 (B)). The dispersed phase is 

pulled away from the orifice, and droplets are generated downstream of the channel. The dripping 

regime requires a suitable flow rate ra�o of two phases to keep the droplet generated at the orifice 

(Figure 1-9 (C)). When the shear force from the con�nuous phase is greater than the interfacial 

tension of the dispersed phase, the dispersed phase is broken up and droplets are generated one 

by one. Generally, droplets generated by the dripping regime have a uniform size than the je�ng 

regime.(185) No droplets are generated in the threading regime when the flow rate of the 

dispersed phase is much higher than the flow rate of the con�nuous phase (Figure 1-9 (D)). In 

addi�on, the viscosity ra�o of the two phases can affect the droplet genera�on regimes. The high 

viscosity of the dispersed phase reduces the op�ons of flow rates to generate droplets in the 

dripping regime.(184) 

 
Figure 1-9 Illustra�on of droplet genera�on regimes. 

(A): squeezing regime, (B): je�ng regime, (C): dripping regime, (D): threading regime. This figure is 

adapted from (184). 

Many materials can be used to fabricate microfluidic chips, such as silicon,(186) 

poly(dimethylsiloxane) (PDMS),(187) glass,(188) poly(methyl methacrylate) (PMMA),(189) and 

cyclic olefin copolymer (COC).(190) Well-established so� lithography is usually used to fabricate 

versa�le PDMS microfluidic chips.(191) PDMS materials have good light transmission and 

biocompa�bility and allow gases such as oxygen and carbon dioxide to penetrate, which is suitable 

for cell culture.(192) However, limita�ons of PDMS such as swelling by organic solvents and the 

high elas�city which could change the geometry of microchannels indicate it is not always the ideal 
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material to generate monodisperse droplets.(193) Glass capillary microfluidic devices are widely 

used in laboratory research because they are easily assembled, low-cost, and have good chemical 

resistance.(194) This device is commonly used for poly lac�c-co-glycolic acid (PLGA) microsphere 

prepara�on because the composi�on of the conven�onal oil in water emulsion (dichloromethane 

in water) can be directly adapted for glass devices.(195-197) However, manually fabricated glass 

capillary devices are not suitable for scale-up produc�on. Meanwhile, manufacturing glass 

microfluidics chips is high-cost, �me-consuming, and requires clean-room equipment.(198)  

The flow rate of the dispersed phase is usually limited to a few millilitres per hour, so scale-up 

produc�on by microfluidics could be an issue. Using mul�ple devices or microchannel array 

devices is a simple method to generate droplets simultaneously in hundreds or thousands of 

parallel microchannels or devices.(199, 200) However, it is worth no�ng that the variance of 

microchannels among microfluidics devices could affect the quality of the produc�on. Polymer 

materials make it easy to fabricate microfluidics chips by moulding replica�on with lower costs 

becoming popular in microfluidics chip produc�on.(201)  

Droplet-based microfluidics has wide applica�on in drug delivery because of the advantages of 

reproducibility, controlled size, narrow size distribu�on, and simple opera�on. Chen et al. used a 

glass capillary device to prepare 2-[[(4-phenoxyphenyl)sulfonyl]methyl]-thiirane-loaded PLGA 

microcapsules.(195) PLGA microcapsules had a narrow size distribu�on within a range of 56.03-

64.48 μm with a golf ball-featured surface. Yang et al. tested the chemical resistance of four 

polymer materials to chloroform and chose phenol formaldehyde resin as the material of 

microfluidics chips to prepare PLGA microspheres.(202) PLGA microspheres with narrow size 

distribu�on (49.4 ± 3.3 μm) were prepared when the flow rates of the two phases were the same 

(0.2 mL/min). Oe et al. compared the testosterone-loaded PLGA microspheres prepared by 

microfluidics with conven�onal paddle mixers.(203) The results showed that microspheres 

prepared by microfluidics in vivo released drugs faster than microspheres prepared by a mixer, 

although in vitro drug release profiles were similar, which suggested that the removal rate of the 

organic solvent might affect the drug distribu�on inside microspheres. Wu et al. prepared PLGA-

alginate core-shell microspheres through an O/W/O double emulsion template using a glass 

capillary device.(204) This research found that increasing the size of PLGA microspheres could 

postpone the peak of drug release and the alginate shell could regulate the release patern to a 

near zero-order release. 
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Aim of the project: 

Currently, the standard treatment of GBM has not changed since the Stupp protocol was 

established in 2005, and the prognosis of newly diagnosed GBM is s�ll poor. It is urgent to develop 

new treatment strategies against GBM. 

This project aimed to create so� biomaterials as an implantable or injectable pla�orm for 

delivering chemotherapeu�c agents or repurposed drugs and develop a local drug delivery system 

to achieve long-term sustained drug release. 

The hypothesis: 

1. Cryogel delivery systems can be created with mechanical proper�es similar to that of brain 

�ssue, whilst remaining robust enough to handle/load with drugs/analyse in vitro and in vivo.  

2. Nega�vely charged cryogels should load with posi�vely charged drugs by the unspecific 

electrosta�c interac�ons, which would mean they can be used as a universal pla�orm to deliver 

ca�onic drug molecules. 

3. Leveraging the advantage of microfluidics to generate monodispersed emulsion, microscale 

cryogel, cryogel microcarriers (MCs), and PLGA microspheres can be created with narrow size 

distribu�on and high reproducibility. 

Objec�ve 1 (Chapter 2): To create a cylindrical cryogel that fits the biopsy resec�on cavity in the 

tumour-bearing mouse model of GBM and evaluates the an�-GBM efficacy of clemas�ne-loaded 

cryogels and the biocompa�bility of the implanta�on. The 3D printed template that was used to 

create cryogels should �ghtly control the size. The swelling of the cryogel and the brain �ssue a�er 

the resec�on surgery was considered for the design of the template. The mechanical proper�es of 

the cryogel were inves�gated. The in vivo an�-GBM efficacy was evaluated in an orthotopic GBM 

tumour resec�on mouse model. Immunohistochemistry was performed to analyse the tumour cell 

invasion and the biocompa�bility of cryogel implanta�on.  

Objec�ve 2 (Chapter 3): To create nega�vely charged MCs by microfluidics and evaluate the drug 

loading efficiency and drug release profiles. MCs were microscale cryogels, which was suitable for 

direct injec�on into the tumour site or implanta�on into small or irregular shape GBM resec�on 

cavi�es. One chemotherapeu�c agent (doxorubicin, DOX), one targeted cancer drug (venetoclax) 

and two repurposed drugs (brexpiprazole and vor�oxe�ne) should theore�cally be loaded into the 

MCs as they were all posi�vely charged drugs. The cytocompa�bility of MCs was evaluated using 
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primary human astrocytes, and the in vitro an�-GBM efficacy of brexpiprazole MCs was 

inves�gated using human GBM cell lines.  

Objec�ve 3 (Chapter 4): To establish a novel method for the prepara�on of monodisperse PLGA 

microspheres and achieve sustained drug release for vor�oxe�ne microspheres. The tradi�onal 

emulsion solvent evapora�on method for PLGA microsphere prepara�on could not precisely 

control the size distribu�on. In this chapter, a novel method was developed to create 

monodisperse PLGA microspheres by droplet-based microfluidics. Because vor�oxe�ne MCs 

released drugs too fast via electrosta�c interac�ons, the drug release profiles should be improved 

by encapsula�ng vor�oxe�ne into PLGA microspheres. Primary human astrocytes were used for 

the evalua�on of the cytocompa�bility of PLGA microspheres. In vitro, the an�-GBM efficacy of 

vor�oxe�ne microspheres was inves�gated on a 2D cell culture model and a 3D cell culture model.  
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2. Chapter 2: So� sponge-like cryogel as an implant to 
deliver therapeu�cs to glioblastoma 

 

Part of the work in this chapter was carried out via project collaborators. In vivo animal study and 

immunohistochemistry were carried out by Dr. Vadim Le Joncour at the University of Helsinki. 
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1. Introduction 

Glioblastoma (GBM) is a primary malignant brain tumour of the central nervous system, 

characterized by poor clinical outcomes and high mortality.(1) Surgical interven�on remains the 

cornerstone of GBM treatment, as it reduces tumour volume, alleviates symptoms, and provides 

�ssue samples for diagnosis. Addi�onally, achieving maximum safe resec�on has a significant 

therapeu�c impact, contribu�ng to improving overall survival �me.(205) However, due to the 

invasive nature of GBM cells infiltra�ng surrounding �ssues, tumour debulking alone is insufficient 

to prevent recurrence.(13) Notably, most GBM recurrences occur within two cen�metres of the 

resec�on cavity.(48) GBM is therefore an unmet medical need, and finding effec�ve, safe, and 

long-las�ng therapeu�c approaches is urgently required.  

Local drug delivery directly to the tumour �ssue or the surgical resec�on cavity has been proposed 

to bypass the blood-brain barrier (BBB). This strategy poten�ally facilitates higher drug 

concentra�ons at the tumour site and reduces systemic side effects that o�en limit systemic 

chemotherapy. One means of achieving local drug delivery is to implant a solid therapeu�c into 

the surgical resec�on cavity. Up to now, only Gliadel® has been approved by the Food and Drug 

Administra�on for the local treatment of GBM. However, its rigid structure can lead to a 

mechanical mismatch between the s�ff wafer and the so� brain �ssue causing side effects, which 

limit its use in the clinic.(53, 206) Therefore, there is an urgent need to develop so� biomaterials 

for local drug delivery to the brain. Cryogels, with their so� and porous structure, poten�ally offer 

an alterna�ve means of safe delivery of therapeu�cs to the resec�on cavity.  

Cryogels are a type of 3D hydrophilic network with interconnected macropores. Their produc�on 

typically involves water as the solvent, making the process economical and eco-friendly. The 

cryogela�on occurs below the freezing point of the solvent, and an interconnected macropore 

structure is formed a�er a freeze-thawing cycle.(207) The spongy structure of cryogels contributes 

to a highly elas�c and robust property. The s�ffness of a cryogel has been shown to be 

approximately only one-third that of a hydrogel with the same chemical composi�on, yet was s�ll 

robust enough to be handled with forceps.(208) The pore size and the thickness/density of the 

pore walls are cri�cal for the property of cryogels, which can be controlled by adjus�ng the content 

of monomers, the types of crosslinkers, the cooling rate, or the polymeriza�on temperature.(209, 

210) Addi�onally, the use of different monomers enables the synthesis of ca�onic(211) and 

anionic(212) cryogels. 
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Polyethylene glycol (PEG) is generally inert and safe in biological environments and has extensive 

medical applica�ons. Its proper�es can be enhanced through copolymeriza�on with other 

compounds.(171) Poly(ethylene glycol) diacrylate 700 (PEGDA700) is a PEG variant modified with 

acrylate groups, suitable for radical polymeriza�on. 3-sulfopropyl acrylate potassium salt (SPA) has 

an acrylate group and a sulfonic acid group which is nega�vely charged at neutral pH. The electron-

withdrawing carbonyl group connec�ng to the vinyl group on both above-men�oned monomers is 

essen�al for radical polymeriza�on. The PEGDA-co-SPA polymer material is ideal for loading 

posi�vely charged drugs by electrosta�c interac�on, such as Doxorubicin (DOX, a 

chemotherapeu�c agent) and clemas�ne (a neuroac�ve repurposed drug). 

Doxorubicin (DOX) has the func�on of inhibi�ng topoisomerase II, a cri�cal enzyme involved in 

DNA strand relaxa�on during replica�on.(213) DOX intercalates into the DNA strand and inhibits 

the topoisomerase II to re-ligate the broken DNA, which ul�mately causes DNA damage.(214) It is 

approved to treat various types of cancers in the clinic, such as metasta�c breast cancer and small-

cell lung cancer.(215) However, DOX causes severe side effects especially cardiomyopathy limi�ng 

its use in clinical prac�ce.(216) Although the mechanism of DOX-induced cardiomyopathy remains 

unclear, DOX disrupts the normal mitochondrial func�on which might be the key factor causing 

cardiomyopathy.(217-219)  

Doxil®, a liposomal formula�on of DOX, targets tumours passively through enhanced reten�on and 

permea�on, reducing off-target toxicity and cardiotoxicity compared to free DOX.(220) However, 

because only selected small hydrophobic molecules can pass the BBB, systemic administra�on 

neither free DOX nor Doxil® can reach the brain. Local administra�on of DOX offers a promising 

strategy to bypass the BBB and avoid the chemoresistance of GBM. 

Clemas�ne, an H1 histamine antagonist, has been used in clinics for allergy relief for around 60 

years. In recent years, a novel strategy to treat GBM has been proposed in which ca�onic 

amphiphilic an�histamines induced GBM cell death while sparing healthy cells.(221) However, the 

mechanism of ac�on of clemas�ne to kill GBM cells is s�ll unclear. Ca�onic amphiphilic 

an�histamines have a proven ability to provoke lysosomal membrane permeabiliza�on.(222) 

Losing lysosomal membrane integrity leads to the release of lysosomal hydrolases into the cytosol, 

resul�ng in cell apoptosis.(223) A preclinical study has shown that clemas�ne not only induces 

GBM cell death in vitro but also extends survival in an orthotopic GBM mouse model.(125) 

Furthermore, clemas�ne suppressed tumour growth and promoted the differen�a�on of brain 

tumour-ini�a�ng cells (BTICs), which might be another mechanism used to treat GBM.(224) BTICs, 
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a type of cell capable of self-renewal and tumour ini�a�on, are highly resistant to chemotherapy 

and radiotherapy and contribute to intratumoral heterogeneity and GBM recurrence.(225, 226) 

Local drug delivery holds the advantage of star�ng the treatment immediately a�er the surgery, 

bridging the gap for wai�ng the recovery from the surgery. However, up to now, there is no local 

implant to deliver clemas�ne into the brain. 

Aims 

The work in this chapter aims to create a cryogel delivery system which is so�, non-toxic and 

capable of delivering both doxorubicin and clemas�ne. This chapter focuses on designing 3D 

printed templates for cryogel prepara�on tailored to fit the biopsy resec�on cavity in orthotopic 

GBM tumour resec�on mouse models. The objec�ves include crea�ng so� cylindrical cryogels that 

could match the s�ffness of the brain �ssue, assessing the drug loading capacity of two model 

drugs (DOX and clemas�ne), analysing drug release profiles, inves�ga�ng in vitro cell toxicity of 

clemas�ne loaded cryogels, evalua�ng the in vivo an�tumor efficacy of clemas�ne loaded cryogel 

as a local drug delivery device in an orthotopic GBM tumour resec�on mice model. We 

hypothesize that the interconnected macropore structure in the cryogel could provide very so� but 

robust proper�es, the PEG-based polymeric network would exhibit biocompa�bility and non-

toxicity, and SPA branches could theore�cally bind with drug molecules to reach a 1:1 molar ra�o 

and allow controlled drug release. 

2. Materials and methods 

2.1 Chemicals and Materials 

The chemicals and materials used in this chapter are shown in Table 2-1. Chemicals were used 

without any further purifica�on. Table 2-2 shows the equipment used in this chapter. 

Table 2-1 List of chemicals and materials 

Chemicals and Materials Company Catalog number 
Poly(ethylene glycol) diacrylate 700 (PEGDA700) Sigma 455008 
3-sulfopropyl acrylate potassium salt (SPA) Sigma 251631 
2-hydroxy-2-methylpropiophenone (HMPP) Sigma 405655 
Phosphate-buffered saline (PBS) Gibco 2339177 
Dimethyl sulfoxide (DMSO) Sigma D2650 
Absolute ethanol (EtOH) Fisher Chemical E/0600DF/15 
Isopropanol Sigma 24137-M 
iFluor® 647 AAT Bioquest 1065 
Doxorubicin (DOX) LC-Laboratories D-4000 
Clemas�ne fumarate salt Sigma SML0445 
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Eosin Y Sigma E6003 
Sodium acetate trihydrate Sigma 32318 
Ace�c acid Sigma 27225 
Bovine serum albumin (BSA) Sigma SLCD6757 
Primary human astrocytes ScienCell 1800 
DMEM/F12, Glutamax Gibco 10565-042 
DMEM/F12 (1:1) Gibco 21331-046 
Astrocyte medium ScienCell 1801 
Fetal Bovine Serum (FBS) Sigma F7524 
Penicillin-Streptomycin Sigma P4333 
0.25% Trypsin-ethylenediaminetetraace�c acid (EDTA) 
solu�on 

Sigma T4049 

Poly-L-lysine Sigma P6282 
MycoZap Plus-CL Lonza VZA-2011 
Transferrin Sigma T8158 
Putrescine Sigma P5780 
Sodium selenite Sigma S5261 
Progesteron Sigma P8783 
Insulin Sigma I5500 
Hydrochloric acid solu�on Sigma H9892 
Heparin Sigma H4784 
Recombinant human fibroblast growth factor 2-G3 (FGF2-
G3) 

Qkine Qk053 

Accutase  Thermo Fisher 00-4555-56 
Geltrex basement membrane matrix Thermo Fisher A1413202 
Absolute ethanol (EtOH) Fisher Chemical E/0600DF/15 
PrestoBlue Invitrogen A13261 
Recombinant human epidermal growth factor (rhEGF) Peprotech AF-100-15 
Monoclonal an�-vimen�n−Cy3 an�body  Sigma C9080 
Rat monoclonal an�body against podocalyxin  R&D Systems MAB1556 
Goat monoclonal an�body against GFAP Abcam ab302644 
Goat monoclonal an�body against IBA1 Abcam ab289874 
Donkey an�-goat IgG (Alexa Fluor® 647) Abcam ab150135 
Donkey an�-rat IgG (Alexa Fluor® 488) Abcam ab150153 
Donkey an�-goat IgG (Alexa Fluor® 488) Abcam ab150129 
Paraformaldehyde Sigma 158127 
Triton X-100 Thermo Fisher HFH10 
DAPI Thermo Fisher D1306 
Mowiol Sigma 81381 
PlasWhite V2 resin Asiga PN/00931 

 

Table 2-2 List of equipment 

Equipment Company Catalog number 
Freezer Fryka B30-20 
Plasma cleaner Harrick plasma PDC-002-CE 
UV hand lamp Koehler UV-30L 
InfiniteRX plate reader Tecan  
EVOS imaging system Thermo Fisher M7000 
Orbital Shanker-incubator Grant-bio ES-20 
MAX X27 3D printer Asiga  
Ultraviolet radia�on lamp Asiga DR-301C 
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Zeiss Sigam HD Field Emission Gun Scanning Electron 
Microscope 

Zeiss  

BIO-RAD SC500 sputer coater Quorum Technologies  
IRSpirit FTIR Spectrometer Shimadzu  
Confocal microscope Leica TCS SP5 
Material tes�ng machine Zwick 0.5TS 
Cryostat Leica CM3050 

2.2 Preparation of cylindrical cryogels 

The precursor solu�on of PEGDA700 and SPA (molar ra�o: 5:95), with 10% (molar propor�on) 

HMPP as photoini�ator (PI) was prepared at an 8% (wt/v) solid content concentra�on. Briefly, the 

precursor solu�on was prepared by dissolving 54.8 mg PEGDA700, 345.2 mg SPA, and 23.9 µL 

HMPP in 5 mL deionized water. The solu�on was stored at 4°C in the absence of light. 

3D printed template for pilot studies was designed by Dr. Ben Newland and fabricated at the 

Leibniz-Ins�tut für Polymerforschung, Dresden using an Asiga Pro 4K 3D printer (Alexandria, 

Australia). The size of this template was 1.6 mm in diameter and 2.5 mm in height. Dr. Chiara 

Bas�ancich kindly provided the predicted dimensions of biopsy resec�on cavi�es in rat and mouse 

models based on this research.(227) 3D printed templates for animal studies therefore were 

modified from the template for pilot studies with Autodesk Inventor Professional (2022) and 

printed in our lab using an Asiga MAX X27 3D printer (Alexandria, Australia) with Asiga PlasWhite 

V2 resin. 3D printed templates with sizes of 1.31 mm in diameter and 1.75 mm in height; 0.94 mm 

in diameter and 1.56 mm in height were used to create cryogels for rat or mouse models, 

respec�vely. A�er the prin�ng, templates were washed with isopropanol to remove the 

unpolymerized and excess resin and post-cured with UV light (DR-301C, Asiga) for 30 minutes.  

To produce cylindrical cryogels, one side of each template hole was sealed with tape. The 

templates were treated with a plasma cleaner (Harrick Plasma, USA) for five minutes to enhance 

surface hydrophilicity. Then, the precursor solu�on was added into the holes and frozen for one 

hour at -20°C. A UV hand lamp at 365 nm (2*15W, Koehler, Germany) was used to crosslink the 

monomers for 2 minutes on each side of the template. A�er the ice crystals were thawed, the 

cryogels were removed from the template and washed with ethanol three �mes. The cryogels 

were stored in their dry state long-term at room temperature. 
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2.3 Morphological characterization of the cryogels 

2.3.1 Bright field microscopy images 

The EVOS imaging system was used to observe the morphology and measure the size of the 

cryogels. Dehydrated cryogels were put into 96-well plates and bright field images were taken. 50 

µL PBS was added to rehydrate cryogels and their images were taken. ImageJ so�ware was used to 

measure the size of dehydrated and rehydrated cryogels, and the size expansion ra�o of 

rehydrated cryogels to the hole in the template was calculated.  

2.3.2 Scanning electron microscope (SEM) 

The macroporous structure of the cryogels was visualized via a Zeiss Sigam HD Field Emission Gun 

Scanning Electron Microscope (Zeiss, Germany). Due to the non-conduc�ng property of cryogels, 

dehydrated cryogels were coated by AuPd using a BIO-RAD SC500 sputer coater (Quorum 

Technologies, UK), which was uniformly covered with a thick layer of AuPd around 10-20 nm. A 

beam energy of 5 kV with a 30 µm diameter final aperture was used for imaging cryogels by an 

Everhart-Thornley detector. 

2.3.3 Confocal microscopy 

To prepare fluorescently labelled cryogels, 5 µg/mL iFluor® 647 was added to the precursor 

solu�on. Samples were imaged with a Leica TCS SP5 confocal microscope using a 633 nm laser, and 

a 3D series (“z stack”) with 1 µm sec�on thickness was captured to visualize the inner structure of 

cryogels. The en�re 3D series was compressed into one 2D representa�ve image by average 

projec�on. ImageJ was used to measure the length and width of pores.  

2.4 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectra of monomers and cryogels were scanned using an IRAffinity-1S FTIR Spectrometer 

(Shimadzu, Japan). The background signal was scanned before running each sample to subtract any 

residual peaks from the instrument and the environment. FTIR spectra were scanned by 

transmitance mode from 500 cm-1 to 2500 cm-1 with a resolu�on of 0.9. Cryogels were dried 

completely to avoid any interference. 

2.5 Characterization of the cryogel stiffness 

Disc-shape cryogels with 16 mm diameter and 3 mm height were prepared to test the mechanical 

proper�es. The cryogels were placed between two parallel steel plates of the tensile test machine 

(Zwick, Germany) and compressed at 1 mm/min. The Young’s modulus of cryogels was calculated 
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from the ini�al compression stage when the macroporous structure of cryogels was compressed 

(the first part of the stress-strain curve before the inflec�on point) by equa�on 2-1. 

𝐸𝐸 =
𝜎𝜎
𝜀𝜀

 

Equa�on 2-1. Where E is Young’s modulus (kPa), σ is stress (kPa), and ε is strain.  

2.6 Detection and quantification of the concentration of the drugs 

2.6.1 DOX 

The calibra�on curve method was used to calculate the drug concentra�ons. DOX was detected by 

the absorbance at 506 nm or by the fluorescence at 488 nm for excita�on and 550 nm for emission 

using an InfiniteRX plate reader (Tecan, Switzerland). The calibra�on curve was built by serial 

dilu�on from the star�ng concentra�on of 200 to 0.1953 µg/mL. The absorbance method was 

used for concentra�ons from 200 to 6.25 µg/mL, and the fluorescence method was used for 

concentra�ons from 6.25 to 0.1953 µg/mL.  

2.6.2 Clemastine 

A fluorescence quenching method was used to determine the clemas�ne concentra�on because 

the absorbance peak of clemas�ne was below the UV cut-off wavelength of the polyethylene 

material of 96-well plates.(228) The ter�ary amine group of clemas�ne can be protonated under 

acidic condi�ons, which non-specifically binds with eosin Y. The fluorescence of eosin Y was 

measured at the excita�on wavelength of 306 nm and the emission wavelength of 539 nm. The 

clemas�ne-eosin Y complex forma�on resulted in the quenching of eosin Y's fluorescence, allowing 

the determina�on of clemas�ne concentra�on by monitoring changes in fluorescence intensity. 

The 5 mg/mL clemas�ne stock solu�on in DMSO was diluted with deionized water at 0, 1.5, 3, 6, 

12, 18, 24, 30, 37.5, and 45 mg/mL to build the calibra�on curve. 0.3 mL clemas�ne sample, 0.3 mL 

eosin solu�on (0.15 mg/mL), and 0.3 mL acetate buffer (0.2 M, pH 3.7) were added into a 2 mL 

centrifuge tube. A vortex mixer was used to mix this solu�on, and the fluorescence intensity was 

read immediately.  

2.7 Measuring drug loading to the cryogels 

2.7.1 Loading large amounts of drugs 

DOX stock solu�on (200 mg/mL in pure DMSO) was diluted using deionized water or PBS and 

clemas�ne stock solu�on (5 mg/mL in pure DMSO) was diluted using deionized water to prepare 

the loading solu�ons. Dehydrated cryogels were put into 500 µL drug solu�ons in a 2 mL centrifuge 
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tube. Cryogels were incubated at room temperature for three days (in the absence of light for DOX 

studies). A�er the incuba�on, the drug concentra�on in the supernatant was determined, and the 

drug loading efficiency was calculated by Equa�on 2-2. 

% 𝑟𝑟𝑜𝑜 𝑠𝑠𝑟𝑟𝑎𝑎𝑙𝑙𝑎𝑎𝑙𝑙 𝑙𝑙𝑠𝑠𝑠𝑠𝑎𝑎 =
𝑐𝑐1 − 𝑐𝑐2
𝑐𝑐1

∗ 100% 

Equa�on 2-2. where c1 is the drug concentra�on before incuba�on, c2 is the drug concentra�on in 

the supernatant. 

2.7.2 Loading small amounts of drugs 

To load a small amount of DOX, 5 µL DOX solu�on at 1 mg/mL was directly injected into 

dehydrated cryogels. A�er 10 minutes, cryogels were washed with PBS three �mes to remove the 

unloaded drugs. The DOX concentra�on in supernatant from the first-�me wash was determined 

to calculate drug loading efficiency.  

2.8 Evaluation of in vitro drug release profiles 

The drug release profiles of DOX and clemas�ne cryogels were inves�gated. PBS containing 0.3 

mg/mL BSA was used as the release medium for DOX cryogels release studies, which was intended 

to mimic the protein concentra�on in the cerebrospinal fluid.(229) Pure PBS was used as the 

release medium for clemas�ne cryogels release studies, as BSA had posi�ve charges below pH 4.5, 

which caused interference in the determina�on.(230) Cryogels were incubated in 1 mL release 

medium at 37°C with an 80 rpm gentle shake (in the absence of light for DOX). At each �me point, 

900 µL supernatant was removed and replaced by fresh release medium. Samples were stored at -

20°C for further inves�ga�on. At the end of the experiment, the drug concentra�on in all samples 

was detected. The cumula�ve amount of drug released was calculated by the following equa�on 2-

3. 

𝑡𝑡𝑇𝑇 = �

𝑐𝑐𝑇𝑇 ∗ 𝑉𝑉𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶                              (𝑎𝑎 = 1)

𝑐𝑐𝑇𝑇 ∗ 𝑉𝑉𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶 +  𝑉𝑉𝑅𝑅𝑇𝑇𝑅𝑅𝐶𝐶𝑇𝑇𝑅𝑅𝑇𝑇𝑅𝑅 ∗� 𝑐𝑐𝑖𝑖

𝑇𝑇−1

𝑖𝑖=1

  (𝑎𝑎 > 1) 

Equa�on 2-3. where mn is the cumula�ve release amount of the nth �me point (µg). cn is the drug 

concentra�on of the nth �me point (µg/mL). VTotal is the total volume of the release medium. 

VReplaced is the volume of the removed and replaced medium at each �me point. 
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2.9 Cell culture 

2.9.1 Preparation of cell culture medium for patient-derived GBM stem cells 

N2 medium was prepared by adding 1 mL of MycoZap Plus-CL and 500 µL each of transferrin-

putrescine-sodium selenite (TPN), insulin, and progesterone to 497.5 mL DMEM/F12 (Glutamax). 

TPN was prepared by dissolving 500 mg of transferrin and 81 mg of putrescine in deionized water 

and adding 25 µL of sodium selenite stock solu�on (10.5 mg sodium selenite was dissolved in 10 

mL deionized water) to a final volume of 5 mL. Insulin solu�on was prepared by dissolving 25 mg 

insulin in 5 mL 0.1 M HCl. 6.3 mg progesterone was dissolved in 10 mL absolute ethanol to prepare 

the stock solu�on, and 50 µL stock solu�on was diluted to a 5 mL solu�on with deionized water to 

get the final progesterone solu�on. TPN, insulin, and progesterone solu�ons were filter-sterilized 

and stored at -20°C. The feeding solu�on to support the growth of cells contained 400 ng/mL 

rhEGF, 60 ng/mL thermostable FGF2 G3, and 40 µg/mL heparin. When culturing hGBM cells, 50 µL 

feeding solu�ons were added in N2 medium to get 1 mL complete medium. 

2.9.2 Patient-derived GBM stem cells 

Pa�ents-derived GBM stem cell lines (hGBM L0, L1, and L2) were cultured as previously 

reported.(231, 232) Briefly, hGBM L0, L1, and L2 were grown as suspension cells in N2 medium 

with 20 ng/mL rhEGF and 3 ng/mL thermostable rhFGF2 G3 in a 37oC, 5% CO2 incubator. Typically, 

cells were subcultured every week based on their growth situa�on. Cells were transferred from the 

cell culture flask to a 15 mL centrifuge tube and spun down for 5 minutes at 300 g. The 

supernatant medium was removed, and the cell pellets were resuspended in 100 µL accutase. A 

200 µL pipete was used to break the cell pellets by gently going up and down. Then, cells were 

incubated for 3 minutes at 37°C and a 200 µL pipete was used to completely break the cell pellets. 

10 mL PBS was added into the centrifuge tube, and cells were spun down for 5 minutes at 300 g. 

The supernatant PBS was removed, and cell pellets were resuspended in 200 µL N2 medium. A�er 

the cell pellets were separated into single cells, 800 µL N2 medium was added, and the number of 

cells was counted using a Beckman Coulter Z2 (Beckman Coulter Inc., USA). The cells were plated 

at a density of 50,000 cells/mL. 

2.9.3 Primary human astrocytes 

Primary human astrocytes, isolated from the cerebral cortex, were purchased from ScienCell Ltd 

(USA). Cells were cultured as instructed by the manufacturer but with a slight modifica�on, in 

which 10% FBS in DMEM/F12 was used instead of the trypsin/EDTA neutraliza�on solu�on 

available from the manufacturer. Briefly, primary human astrocytes were cultured in the astrocyte 
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medium (1801, ScienCell Ltd., USA) in a 37oC, 5% CO2 incubator. Cell culture flasks were coated 

with 2 μg/cm2 poly-L-lysine. The cell culture medium was changed every 2 or 3 days un�l the 

confluency reached 90-95%. Cells were dissociated using 0.025% trypsin-EDTA solu�on at room 

temperature. Cells were transferred into a 50 mL centrifuge tube containing 5 mL FBS a�er all cells 

round up. The empty flasks were placed in the incubator for another minute, and the remaining 

cells were transferred into the centrifuge tube using DMEM/F12 containing 10% FBS. Cells were 

plated at a density of 5,000 cells/cm2. 

2.9.4 Cell freezing and thawing 

To freeze the hGBM cells, a�er removing the supernatant PBS in the subculturing process, the cells 

were resuspended in the N2 medium containing 10% DMSO at a concentra�on of around 1 million 

cells/mL. The cell suspension was transferred into cryovials. The cells were frozen in a freezing 

container overnight in a -80°C freezer at a cooling rate of -1°C/minute and were transferred to 

liquid nitrogen for long-term storage. To thaw the frozen hGBM cells, the cryovials were 

immediately put into a 37°C water bath a�er taking it out from the liquid nitrogen. The cells were 

transferred into 10 mL of prewarmed N2 medium when there was only a small piece of ice in the 

cryovial. The cells were spun down for 5 minutes at 300 g, and the supernatant was removed. 

Then, cells were resuspended in the fresh N2 medium, plated in the cell culture flask, and grew in 

the CO2 incubator. 

2.10 Analysing the cytocompatibility of the empty cryogel 

The cytocompa�bility of empty cryogel was evaluated using primary human astrocytes. Cells were 

seeded in poly-L-lysine coated 48-well plates (Costar, 3548) at a density of 4,800 cells/well. A�er 

one day of incuba�on, an empty cryogel was added to the primary human astrocytes in culture. 

Images of the cells were taken via a microscope camera (A35180U3, OMAX Microscope, South 

Korea) and the cell viability was tested using the PrestoBlue assay 1, 4, and 7 days a�er adding 

cryogels and normalizing to untreated control cells (background fluorescence was subtracted from 

experimental wells). Cells were incubated in PrestoBlue for 2 hours and the fluorescence intensity 

was read with an excita�on wavelength of 560 nm and an emission wavelength of 590 nm by the 

botom reading model.(233) 

2.11 Cytotoxicity of free clemastine 

To inves�gate the cytotoxicity of free clemas�ne, primary human astrocytes were plated in poly-L-

lysine coated 96-well plates (Costar, 3595) at a density of 1,600 cells/well, and hGBM cells were 
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plated in Geltrex-coated 96-well plates at a density of 5,000 cells/well. A�er one day of incuba�on, 

clemas�ne solu�on was added, which was prepared by serial dilu�on from 5 mg/mL stock solu�on 

in pure DMSO using the complete culture medium. The cell viability was tested using the 

PrestoBlue assay 1, 4, and 7 days a�er adding the drug to the cells. 

2.12 In vitro anti-GBM efficacy of clemastine cryogel 

The hGBM L0, L1, and L2 cells were cultured in 48-well plates as suspension cells to inves�gate the 

in vitro an�-GBM efficacy. Cells at a density of 15,000 cells/well were cultured for two days, and 

then cryogels loaded with 3.125, 6.25, 12.5, 25, and 50 µg clemas�ne were added. The empty 

cryogel was used as a nega�ve control and 5 µg/mL free clemas�ne was used as a posi�ve control. 

1, 4, or 7 days a�er adding the cryogels/drug, the cells were imaged, and the cell viability was 

analysed using the PrestoBlue assay. 

2.13 In vivo antitumour efficacy study 

Animal experiments were approved by the Commitee for Animal Experiments of the District of 

Southern Finland (ESAVI/10262/2022). Six-week-old immunocompromised nude mice were housed 

in a 12 h light/12 h dark cycle and had free access to food and water. Pa�ent-derived BT-12 GBM 

cells were cultured in DMEM/F12 medium supplemented with 2 mM L-glutamine, 2% B27-

supplement, 0.01 µg/mL recombinant human fibroblast growth factor-basic, 0.02 μg/mL 

recombinant human epidermal growth factor, 15 mM HEPES-buffer, 100 U/mL penicillin and 100 

μg/mL streptomycin. To implant GBM cells, mice were anaesthe�zed by isoflurane, and 100,000 

BT-12 GBM cells were engra�ed intracerebrally by the stereotaxic injector. 15 days a�er tumour 

implanta�on, mice were randomly allocated to four treatment groups (tumour resec�on only, n=5; 

tumour resec�on plus empty cryogel implanta�on, n=4; tumour resec�on, empty cryogel 

implanta�on plus intraperitoneal injec�on (IP) of clemas�ne, n=6; tumour resec�on plus 

clemas�ne cryogel implanta�on (10 μg/animal, n=9) and the tumour was resected by biopsy punch 

(2 mm). Cryogels were implanted into the surgical resec�on cavity and the skin was sutured. The 

intraperitoneal administra�on of clemas�ne started 4 days a�er the tumour resec�on (50 mg/kg 

per day for 10 days). The body weight and behaviour of mice were monitored regularly. A�er 14 

days of the tumour resec�on, all animals were euthanized, and their brains were collected and 

stored at -80°C for further studies. 
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2.14 Fluorescent immunohistochemistry (IHC) 

The mouse brains were cryosec�oned to 9 μm coronal sec�ons at an object temperature -24°C and 

cryostat temperature -22°C using Leica CM3050 Cryostat. The IHC slides were stored at -20°C 

before the staining. 

The slides were fixed with 4% paraformaldehyde in PBS for 7 minutes and then washed with PBS 3 

�mes for 5 minutes. 0.3% triton X-100 in PBS was used to permeabilize the cellular membrane for 

7 minutes. A�er washing 3 �mes with PBS, the slides were incubated in the blocking solu�on (10% 

FBS, 0.03% triton X-100 in PBS) for 30 minutes. The slides were incubated with the primary 

an�body solu�on (1:800 dilu�on) overnight at 4°C. A�er the incuba�on, the slides were washed 

with PBS 4 �mes for 5 minutes. The slides were incubated in the secondary an�body solu�on 

(1:500 dilu�on) for 120 minutes at room temperature in the absence of light. Then, the slides were 

washed with PBS 4 �mes for 5 minutes and incubated with DAPI solu�on (1 μg/mL in water) for 7 

minutes. A�er the incuba�on, the slides were rinsed with dis�lled water. Finally, the slides were 

mounted with Moviol and stored at 4°C. 

2.15 Data analysis of fluorescence immunohistochemistry 

2.15.1 Tumour cell analysis 

Three brain sec�ons were selected from each IHC slide for tumour cell analysis. The lateral 

ventricle was used to localize brain sec�ons to ensure that selected medial sec�ons were at a 

similar posi�on. The distance between each two connec�ng brain sec�ons was around 380 μm. 

The tumour cell analysis was performed manually in Sliderviewer (v2.6) so�ware. First, the primary 

tumour was marked, and the size was measured. Brain sec�ons without primary tumours were 

excluded from the tumour cell analysis. Single-cell invasion was defined as less than three tumour 

cells invading together. The total number of single invasive cells was counted, and the shortest 

distance between each single invasive cell and the primary tumour was measured. On the other 

hand, more than two tumour cells migrated together were regarded as a tumour cell cluster. Three 

parameters were analysed including the shortest distance between each tumour cell cluster and 

the primary tumour, the total number of tumour cells, and the area of the tumour cell clusters. 

2.15.2 Glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 

(IBA1) expression analysis 

A semi-quan�ta�ve method was used to inves�gate the host response to the tumour and cryogel 

in terms of GFAP and IBA1 protein expressions. Four brain sec�ons were selected from each IHC 
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slide to analyse GFAP and IBA1 expressions (two anterior sec�ons and two sec�ons within the 

surgical resec�on cavity). A blinded experiment was performed to analyse GFAP expression. 

Snapshots with the whole coronal brain sec�on were taken in Sliderviewer. Fiji ImageJ was used to 

analyse the fluorescence intensity. The medial longitudinal fissure was used as a mark to separate 

the mouse brain into two regions of interest. The ipsilateral side was the hemisphere with the 

resec�on cavity, and the other hemisphere was the contralateral side. The edge of the brain 

sec�ons that showed autofluorescence was excluded from the analysis. Images were converted to 

black and white pixels (8-bit type). The threshold func�on (red background) was used to select the 

posi�ve GFAP or IBA1 staining area. The minimum threshold value was manually adjusted to find a 

suitable value that avoided selec�ng the background noise signals. The area frac�on (the 

percentage of the area where the grey value was above the minimum threshold value in the region 

of interest, which meant protein expressions) of these two regions of interest were measured and 

the posi�ve staining area ra�o was calculated. 

2.16 Statistical analysis 

The sta�s�cal analysis was conducted using GraphPad Prism (8.4.3). First, the assump�on of 

normality was checked by the Shapiro-Wilk test. To compare two groups of data, if both two 

groups passed the normality test, Student’s t-test was used for the data without significantly 

different variances, and Welch’s t-test was used for the data with significantly different variances. 

The Mann-Whitney U test was used to analyse the data without a normal distribu�on. To compare 

three or more groups of data, if all groups passed the normality test, the one-way ANOVA test was 

used for the data with homogeneity of variances (checked by Brown-Forsythe test), and the 

Welch’s ANOVA test was used for the data with unequal variances. The Kruskal-Wallis test was 

used if at least one data group did not have a normal distribu�on. Post hoc tests (Tukey’s mul�ple 

comparisons test for ordinary one-way ANOVA test, Dunnet’s T3 mul�ple comparisons test for 

Welch’s ANOVA test, and Dunn’s mul�ple comparisons test for Kruskal-Wallis test) were performed 

if the results of the overall ANOVA test had significant difference to determine which specific group 

was significantly different from the other group. The two-way ANOVA test was used to compare 

the mean differences if there were two independent variables and Tukey’s mul�ple comparisons 

test was used for the post hoc tests. p-value ≤ 0.05 was defined as a significant difference (ns, 

p>0.05; *, p≤0.05; **, p≤0.01; ***, p≤0.001; ****, p≤0.0001). 
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3. Results and discussion 

3.1 Preparation of cylindrical cryogels 

In this chapter, cylindrical-shaped bulk cryogels were created as so� biomaterials for local therapy 

of GBM. A template synthesis strategy was used to create cylindrical cryogels. The 3D printed 

template with certain size holes can �ghtly control the size and the shape of cryogels. A schema�c 

representa�on of cryogel prepara�on and the polymeriza�on reac�on is shown in Figure 2-1.  

In clinical se�ngs, magne�c resonance imaging scans provide detailed informa�on on GBM 

tumour size and volume, guiding surgical planning and enabling es�ma�on of the resec�on 

volume. Based on these imaging results, a customised 3D printed template can be designed 

preopera�vely to fabricate a bulk cryogel that matches the an�cipated resec�on cavity. However, 

intraopera�ve challenges such as brain �ssue swelling and anatomical variability may hinder the 

precise fi�ng of a single bulk cryogel. In contrast, the cylindrical cryogels developed in this study 

are significantly smaller than typical tumour resec�on cavi�es, allowing for the implanta�on of 

mul�ple units to fill the cavity effec�vely. This approach provides prac�cal advantages, such as the 

prepara�on method being straigh�orward and scalable, and the amount of drug loading can easily 

be consistent across batches and each single cryogel. Moreover, drug dose can be flexibly adjusted 

by varying the number of drug-loaded cryogels and supplemen�ng with unloaded cryogels as 

needed. Importantly, the cylindrical format serves as a prac�cal star�ng point for preclinical 

studies, where consistent cavity volumes are created in animal models. 
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Figure 2-1 Schema�c representa�on of cylindrical cryogel prepara�on. 

(A) shows the workflow of the cryogel prepara�on. (B) shows the polymeriza�on reac�on. 

Abbrevia�on: PEGDA: Poly(ethylene glycol) diacrylate, Mn = 700; SPA: 3-sulfopropyl acrylate 

potassium salt; HMPP: 2-hydroxy-2-methylpropiophenone. 

3.2 Morphological characterization of cryogels 

A�er the cryogels were removed from the template, they would expand to a certain extent. To 

best match the size of the biopsy resec�on cavi�es, the size expansion ra�o of cryogels needed to 

be considered. Therefore, the EVOS imaging system was used to take images for measuring the size 

of cryogels. Cylindrical cryogels with formula�ons of 8% (wt/v) solid content concentra�on and 

10% to 95% SPA, or 95% SPA and 6-10% (wt/v) solid content concentra�on was prepared to 

inves�gate the size expansion ra�o. Figure 2-2 (A) and (B) show the size of the cryogel with various 
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formula�ons made by the same template. As shown in Figure 2-2 (C), the propor�on of SPA and 

the size expansion ra�o had a posi�ve correla�on. The size expansion ra�o of cryogels with the 

same formula�on was similar in height and diameter, which suggested that the expansion did not 

have a preferable orienta�on. 10SPA cryogel only expanded by 10%, whilst 95SPA cryogel 

expanded by 60% compared to the template size. Interes�ngly, the solid content concentra�on did 

not affect the size expansion ra�o (Figure 2-2 (D)). The size expansion ra�o might be controlled by 

the degree of crosslinking, as PEGDA consisted of the skeleton of the polymeric network and SPA 

only formed the branches. When increasing the propor�on of PEGDA, more available monomers 

were crosslinked to form a network rather than a chain resul�ng in a higher-density polymeric 

network. Although cryogels can be compressed, we would not want to make placement into the 

resec�on cavity technically challenging. In the orthotopic GBM resec�on animal model, the brain 

parenchyma rapidly swells a�er tumour resec�on. Research showed that only 5 μL space could be 

used for the treatment when animals underwent surgical resec�on using a 2 mm diameter biopsy 

punch inserted 3 mm depth.(96) So, I redesigned the template to make the 95SPA cryogels best 

match the size of the resec�on cavity by taking into account the swelling of the brain parenchyma 

and the expansion ra�o between the template sizes and the hydrated cryogel size. 3D printed 

templates with the size of 1.31 mm in diameter and 1.75 mm in height or 0.94 mm in diameter and 

1.56 mm in height were made for the use of rat or mouse models, respec�vely. 

 

Figure 2-2 Cryogels swell larger than their template size. 
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(A) and (B) show the height and the diameter of the cryogels (10% to 95% of SPA monomer ra�o 

and 8% (wt/v) to 10% (wt/v) of the solid content in precursors solu�on) rehydrated in PBS. (C) and 

(D) show the size expansion ra�o of the rehydrated cryogel compared with the size of the 

template. (A) – (D): n=10, error bars represent the mean ± SD; template size: height: 2.5 mm, 

diameter: 1.6 mm. 

Figure 2-3 (A) and (B) show the representa�ve EVOS photos of a dehydrated cryogel for a mouse 

model and the same cryogel rehydrated by PBS, respec�vely. The shape of the dehydrated cryogels 

was irregular but was completely restored a�er rehydra�on, which indicated that the cryogels 

maintained mechanical integrity a�er losing water. The average size of the cylindrical cryogels for 

the mouse model was 2516 µm in height and 1490 µm in diameter (Figure 2-3 (C)).  

 

Figure 2-3 Morphological characteriza�on of cylindrical cryogel. 

Representa�ve EVOS photos of (A) a dehydrated cryogel and (B) the same cryogel rehydrated in 

PBS. (C) shows the average size of rehydrated cryogels (n=24, error bars represent the mean ± SD). 
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(D) Representa�ve SEM images show the pore structure of dehydrated cryogel. (E) Representa�ve 

confocal microscopy image shows the pore structure of rehydrated cryogel. (F) and (G) show the 

pore size distribu�on. Pore size was measured from confocal microscopy images (n=100).  

The interconnected macropore structure of the 95SPA cylindrical cryogel was observed under SEM 

(Figure 2-3 (D)). Although the size of the cryogel drama�cally shrunk a�er dehydra�on, the 

macroporous structure was s�ll clearly seen by SEM. 

Because SEM images could not represent the real pore size in the rehydrated cryogel, fluorescently 

labelled cryogels were made for imaging under the confocal microscope. The huge interconnected 

rectangular pores in the cryogel are shown in Figure 2-3 (E). Figure 2-3 (F) and (G) show the 

macropore size distribu�on, regarding macropores approximate to a rectangle shape. The 

macropore structure in 95SPA cryogels had an average size of 87 µm in length and 31 µm in width.   

3.3 FTIR analysis confirms complete polymerization reaction 

FTIR spectra (Figure 2-4) show that the peak of the vinyl group (C=C stretching) at 1638 cm-1 

almost disappeared and the peaks of the sulfonate group (S=O stretching) at 1040 cm-1 and 1170 

cm-1 were present a�er the crosslinking. In addi�on, the intensity of the C=O stretching at 1720 cm-

1 and sulfonate group (-SO3-) at 1040 cm-1 and 1170 cm-1 was reduced a�er the crosslinking. FTIR 

spectra confirmed a successful polymeriza�on reac�on to incorporate the sulfonate groups into 

the cryogel and only some free vinyl groups le� in the cryogel. 

 

Figure 2-4 FTIR spectra confirm the complete photopolymeriza�on. 
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3.4 The cryogels exhibit a soft compressible structure 

The s�ffness of the cryogels in compression was tested for the formula�ons of 95% SPA, 6-10% 

(wt/v) of solid content, and 8% (wt/v) solid content, 10-95% SPA. This experiment was performed 

in triplicate, and the stress-strain curves and Young’s modulus of the cryogels with different 

formula�ons are shown in Figure 2-5 (A - K). The Young’s modulus is measured by the stress 

applied to an objec�ve over the axial strain, represen�ng the s�ffness of materials. The results 

showed that the Young’s modulus of cryogels increased with the increase in solid content or the 

decrease in the propor�on of SPA. When increasing the solid content, the density of the polymeric 

network inside the cryogel also increased resul�ng in a s�ffer cryogel. Because only PEGDA can 

form crosslinks between chains of the polymeric network, changing the ra�o of SPA to PEGDA 

considerably impacted the crosslink density in the cryogel. The brain is an extremely so� �ssue in 

the body, with a Young’s modulus of only 3-10 kPa.(234) The results of mechanical tests showed 

that even the s�ffest formula�on was so� enough to avoid the mechanical mismatch when 

implan�ng the cryogel into the brain. 8% (wt/v), 95% SPA (Young’s modulus: 1.57 ± 0.08 kPa) was 

chosen as the standard formula�on in this chapter for the subsequent experiments because so�er 

cryogel could be beter as an implant to deliver drugs locally, but the cryogel was too so� to handle 

when the solid content was below 8%.  
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Figure 2-5 The cryogels exhibit a so� compressible structure. 

(A) – (I) Stress-strain curves of cryogels with various formula�ons (solid content: 6-10% (wt/v); 

propor�on of SPA: 10-95%). (J) and (K) showed Young’s modulus of cryogels with various 

formula�ons calculated from the stress-strain curves (n=3, error bars represent the mean ± SD). 
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3.5 The cryogels effectively load DOX and clemastine   

The principle of drug loading is based on the electrosta�c interac�ons illustrated in Figure 2-6. The 

sulfonate group of SPA provides a nega�ve charge, which allows posi�vely charged drugs to bind 

with it. This nonspecific binding means that the SPA cryogel scaffold should theore�cally be able to 

load a variety of drugs.  

 

Figure 2-6 Illustra�on of the electrosta�c interac�ons between the DOX or clemas�ne and the SPA. 

95SPA cryogels created by the template for ini�al studies (1.6 mm in diameter, 2.5 mm in height) 

were used to evaluate the DOX loading capacity and the satura�on point. The drug loading 

experiments were performed in two different media. Figure 2-7 (A) and (B) show the percentage 

and the amount of DOX loaded in an aqueous solu�on, respec�vely. A�er cryogels were incubated 

with 600 or 800 µg DOX for 24 hours, approximately 90% of DOX was loaded into the cryogels. The 

percentage of drug-loaded showed a slight increasing trend with incuba�on �me, and it exceeded 

95% a�er 72 hours. However, when incubated with 1000 or 1200 µg DOX, the highest DOX uptake 

was reached at 48 hours or 24 hours, respec�vely, which indicated the �me when reached the 

satura�on point.  

At the satura�on point, each cryogel was loaded with around 780 µg DOX, which meant the molar 

ra�o of DOX to SPA was 2.07:1. As both DOX and SPA had one charged group, the excess of 1:1 

loading ra�o suggested that DOX was loaded into cryogels via mechanisms addi�onal to 

electrosta�c interac�ons. Figure 2-7 (C) and (D) show the results of DOX loading in PBS solu�on. 

The percentage of DOX loaded had an increasing trend in all concentra�ons of DOX solu�ons 

considered. Although incuba�on in 1200 µg DOX showed the highest DOX uptake, DOX 

precipita�on was observed a�er 72 hours, which indicated that the amount of DOX loaded 

calculated by the DOX concentra�on in the supernatant was inaccurate. The highest DOX 
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concentra�on which would not precipitate a�er 72 hours incuba�on was 800 µg/mL (equal to 400 

µg DOX samples). A�er incuba�on at this concentra�on for 72 hours, 380.7 ± 3.0 µg (95.2% ± 0.8%) 

DOX was loaded into the cryogels. For effec�ve loading, DOX.HCl complex must be displaced by 

sulfonate-DOX complex. To load the DOX into the cryogel, the Cl⁻ must be displaced so that DOX 

can form a new complex with the sulfonate groups. This kind of ion exchange is involved in the 

DOX loading, where a more stable complex is formed between DOX and sulfonate groups. The 

drug-ion complexa�on is affected by the ionic strength and pH value. Comparing the deionized 

water and PBS, the higher ionic strength in PBS can screen electrosta�c interac�ons, affec�ng how 

�ghtly DOX binds. Addi�onally, the slight difference in pH value affects the protonate state of the 

func�onal groups, thus changing the binding affinity. Therefore, the drug loading medium 

influences the DOX loading efficiency and capacity. 

 

Figure 2-7 The cryogels have high DOX loading capacity and efficiency. 

The cryogels were incubated in DOX solu�ons at various concentra�ons for different �me periods. 

(A) and (B) show the amount and the percentage of DOX loaded for different incuba�on periods in 

an aqueous solu�on, respec�vely. (C) and (D) show the amount and the percentage of DOX loaded 
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at different �mes in the PBS solu�on, respec�vely. The legend showed the amount of DOX in the 

loading samples before incuba�on (n=3, error bars represent the mean ± SD). 

Although the cryogel showed a high loading efficiency of a high amount of DOX, this dosage was 

too high for the animal study. According to the research about the local delivery of DOX, the 

maximum dosage for a rat model was only 5 µg per animal.(71, 83, 92) It is worth inves�ga�ng the 

loading efficiency for a small amount of DOX, especially 5 µg to match the in vivo dosage. When 

the cryogels were incubated in DOX solu�on at a low concentra�on, the DOX loading efficiency 

decreased drama�cally (Figure 2-8 (A) and (B)) which was less than 50% if the concentra�on was 

less than 10 µg/mL. Interes�ngly, the DOX concentra�on in the supernatant was maintained at a 

stable level a�er the incuba�on (approximately 13 µg/mL) when the DOX concentra�on was above 

50 µg/mL before the loading (Figure 2-8 (C) and (D)). These results suggested that the electrosta�c 

force-driven drug loading needed a concentra�on gradient to generate enough force to make the 

DOX bond with SPA. This stable level of DOX concentra�on a�er drug loading might indicate that 

the point of the equilibrium was reached, in which DOX bonded and dissociated with SPA. In 

addi�on, the π-π stacking among DOX molecules might dominate the drug-loading mechanism 

when the cryogel was loaded with a high amount of DOX.(235, 236) So, the reason why higher DOX 

concentra�ons resulted in higher loading efficiency might be because the equilibrium of 

electrosta�c interac�ons was not relevant to the amount of available sulfonate groups, and π-π 

stacking was stronger than electrosta�c interac�ons. Therefore, an alterna�ve loading method is 

required to be discovered to load a small amount of DOX with high loading efficiency.  
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Figure 2-8 Low DOX concentra�on reduces the drug loading efficiency. 

The DOX loading efficiency from two experiments was shown in (A) and (B). 95SPA cryogels made 

by the template for the ini�al study were incubated in DOX solu�on for 24 h. The remaining DOX 

concentra�on was shown in (C) and (D). (A) – (D): DOX stock solu�on was diluted using deionized 

water; n=3, error bars represent the mean ± SD. 

Taking advantage of high DOX concentra�on in the drug loading study, a direct injec�on method 

was decided upon, in which a small volume of DOX solu�on was injected into the dehydrated 

cryogel. The effect of the DOX concentra�on was inves�gated first, and the results showed that 

100% drug was loaded into the cryogels within 10 minutes (Figure 2-9 (A)). This superb loading 

efficiency might be because DOX molecules had more chance to bind with SPA by electrosta�c 

interac�ons or other DOX molecules by π-π stacking in such a small volume. Next, the drug loading 

efficiency was evaluated on cryogels with a SPA propor�on from 10% to 95%. Because the size 

expansion ra�o of cryogels was reduced with a lower SPA propor�on, an injec�on volume of 2.5 µL 

of DOX solu�on (2 mg/mL) was selected for drug loading, which can be fully absorbed by 10SPA 

cryogels. The results of drug loading (Figure 2-9 (B)) showed that 100% DOX was loaded into the 

cryogels containing 50% or more SPA, while the DOX loading efficiency showed a decreasing trend 



Chapter 2: Implantable so� sponge-like cryogel 

70 
 

of 30% and 10% SPA cryogels, which indicated that the SPA propor�on affected the loading 

efficiency. This simple drug loading method precisely controlled the amount of loaded drugs and 

met the requirements of dosage for animal study. 

 

Figure 2-9 The direct injec�on method achieves high DOX loading efficiency for a small amount 

of drug (5 µg). 

Cryogels for the rat model were used. DOX stock solu�on was diluted using deionized water. (A) 

shows the DOX loading efficiency when dehydrated 95SPA cryogels were directly injected with 

various concentra�ons of DOX solu�on. (B) shows the effect of the percentage of SPA in the 

cryogels for DOX loading efficiency (n=4, error bars represent the mean ± SD). 

Next, the clemas�ne loading efficiency was inves�gated. Cryogels for the mouse tumour resec�on 

model were used in this study. Cryogels were incubated in clemas�ne solu�on at various 

concentra�ons for three days. As shown in Figure 2-10, cryogels incubated with 100 μg clemas�ne 

showed the highest loading efficiency, in which more than 95% of the drug was loaded into the 

cryogel. Increasing or decreasing the clemas�ne concentra�on caused a reduc�on in the loading 

efficiency. For the small amount of drugs, the decrease in the loading efficiency might be because 

the electrosta�c interac�ons required a concentra�on gradient to maintain the binding 

equilibrium. The theore�cal satura�on point for clemas�ne was 137 µg. Cryogels cannot load more 

clemas�ne beyond the satura�on point, which is different from DOX. Two phenyl rings in the 

clemas�ne are not in the same plane. This structure might have steric effects to reduce the π-π 

stacking force, so clemas�ne can only be loaded into cryogels via electrosta�c interac�ons. 
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Figure 2-10 The cryogels have a high loading capacity and efficiency of clemas�ne. 

Error bars represent the mean ± SD (n=4). 

3.6 The amount of payload affects the release profiles 

To evaluate the long-term DOX release profiles, cryogels made by the template for the ini�al study 

were loaded with different amounts of drugs. As shown in Figure 2-11, for 400 µg samples, a�er 

the burst release in the first week, DOX was released from cryogels at a nearly zero-order rate un�l 

Day 53. However, most of the drugs were released over the first four days from the cryogels loaded 

with 50 µg DOX. Then only an extra 7 µg DOX was released over the following 12 days. In addi�on, 

cryogels loaded with 10 µg DOX released all drugs in the first two days. These results indicated that 

loading more DOX into the cryogel improved the sustained release profiles. Intermolecular forces 

among DOX molecules such as π-π stacking might dominate the drug release and reduce the 

release rate. 
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Figure 2-11 Cumula�ve release profiles of DOX from cryogels loaded with varying ini�al drug 

concentra�ons (10 µg, 50 µg, and 400 µg per cryogel).  

The cryogels loaded with higher amounts of DOX extended the drug release period. DOX stock 

solu�on was diluted using PBS for drug loading. The legend showed the amount of loaded drugs 

(n=4, error bars represent the mean ± SD). 

To further inves�gate the release profiles of cryogels loaded with a small amount of DOX, 

addi�onal release studies were performed for the cryogels loaded with 5 µg DOX. This dosage 

should be beter to reflect the in vivo release profiles. First, the effect of the concentra�on of DOX 

solu�on for drug loading was tested. According to the results shown in Figure 2-12 (A), 

unfortunately, all payloads were released within two days even increasing the DOX concentra�on 

to 10 mg/mL. Using higher concentra�ons only slightly reduced the propor�on of drugs released 

on the first day but failed to prolong the drug release period. Next, the effect of the SPA propor�on 

was inves�gated. As shown in Figure 2-12 (B), changing the SPA propor�on also did not alter the 

release profiles. Almost all drugs were released within one day, followed by a small amount of DOX 

released from the 50SPA, 70SPA, and 95SPA cryogels on the second day. These results suggested 

that aler�ng the SPA propor�on did not improve the release kine�cs. 95SPA cryogels had the best 

release profile among these formula�ons, which might be because the high SPA propor�on 

provided more chances for drugs to bind with SPA. Therefore, cryogels loaded with 5 µg DOX 

released payload in a rapid patern, indica�ng the limita�on of delivery of a small amount of drug. 

 

Figure 2-12 The cryogels loaded with a small amount of DOX (5 µg) show a rapid release patern. 

(A) shows the cumula�ve drug release curves of the cryogels loaded by various DOX 

concentra�ons. (B) shows the cumula�ve drug release curves of the cryogels with different 

formula�ons of SPA ra�o. (A) and (B): DOX stock solu�on was diluted using deionized water for 

drug loading; n=4, error bars represent the mean ± SD. 
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The drug release profiles of clemas�ne cryogels were inves�gated. As shown in Figure 2-13, for the 

cryogels loaded with 100 μg or more clemas�ne, around 60% of the drugs were released on the 

first day, and another 20% of the drugs were released on the following days. A�er the burst 

release, less than 10% of the drug was sustained released. A slower release profile was observed 

for cryogels loaded with 50 μg drugs. Cryogels sustained released drugs a�er the burst release on 

Day 1 with almost zero order kine�cs from Day 2 to Day 9. Only 40% of clemas�ne was released 

from cryogels loaded with 25 μg drugs in two weeks, which might be due to the limita�on of the 

determina�on method (1.5 μg/mL). The drug concentra�on in the samples would be considered 

zero if it was below the limita�on of the determina�on. The burst release could become the 

loading dose to reach a high drug concentra�on at the beginning of the therapy, and the small 

amount of sustained released drug could maintain the focal drug concentra�on, poten�ally 

benefi�ng the local treatment. 

 

Figure 2-13 Drug release profiles of cryogels loaded with various amount of clemas�ne. 

(A) and (B) show the amount and the percentage of cumula�ve clemas�ne release in PBS, 

respec�vely. (A) and (B): n=4, error bars represent the mean ± SD. Cryogels were made by 

template for mouse resec�on cavity. 

3.7 Empty cryogels are not toxic to astrocytes 

To evaluate the in vitro cytocompa�bility of 95SPA empty cryogels, primary human astrocytes, the 

most abundant cell type in the CNS, were chosen as the cell model. Empty cryogels were added on 

Day 1 and incubated with hAstrocytes for 1, 4, or 7 days to test the cell viability. As shown in Figure 

2-14 (A), empty cryogels did not impact the morphology of hAstrocytes. The cell viability of 

hAstrocytes treated with empty cryogels had no significant difference with the untreated cells, 

indica�ng that empty cryogels were not toxic to healthy cells (Figure 2-14 (B)).  
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Figure 2-14 The empty cryogel has good cytocompa�bility on primary human astrocytes. 

(A) shows representa�ve images of primary human astrocytes incubated with or without empty 

cryogel. Cryogels were added on Day 1. Images were taken on Day 2, 5, and 8 (Scale bar = 200 μm). 

(B) shows the cell viability a�er 1, 4 or 7 days of adding cryogel (n=8, error bars represent the 

mean ± SD). Unpaired t-test: Day 2 and Day 8, Welch’s t-test: Day 5, ns = no significant difference. 

3.8 Clemastine shows a therapeutic window and effectively kills GBM cells in vitro  

Human GBM cell lines were cultured in a serum-free medium. Compared to the pa�ent-derived 

GBM cells grown in the standard serum-contained medium (for example, 10% FBS in DMEM 

medium) from the same specimen, primary GBM cells grown in serum-free medium showed 

extraordinary similarity to normal neural stem cells including forming neurospheres, indefinite self-

renewal poten�al, capacity to differen�ate into glial and neuronal lineages, stable gene expression 

even a�er several passages, whilst GBM cells grew in serum contained medium lost clonogenicity 
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and tumorigenicity, gene expression profile changed, and failed to show the ability to self-renew 

and differen�ate.(237) So, a serum-free medium can maintain primary GBM cells as cancer stem 

cells and be a more reliable model for in vitro drug screening.  

First, the cytotoxicity of free clemas�ne was inves�gated on hGBM cell lines and hAstrocytes. 

According to the data shown in Table 2-3 and Figure 2-15, IC50 values considerably decreased when 

the exposure �me increased from 1 day to 4 days (drugs added on Day 1), which hGBM L2 cell line 

showed the highest percentage of the reduc�on in IC50 values. The IC50 values did not change too 

much if the exposure �me was extended to 7 days on all cell lines. Despite hGBM L0 being the 

most resistant GBM cell lines to clemas�ne, the IC50 values of hGBM L0 were much smaller than 

that of hAstrocytes exposed to the drug for the same �me, which suggested that there was a 

poten�al therapeu�cal window that the drug could kill the GBM cells while being safe for healthy 

cells. 

 

Figure 2-15 Clemas�ne is more toxic to GBM cells than astrocytes. 

Dose-respond curves of free clemas�ne on hGBM cell lines and primary human astrocytes (n=6, 

error bars represent the mean ± SD).  

Table 2-3 IC50 values of free clemas�ne on hGBM cell lines and hAstrocytes (μg/mL) 

 hGBM L0 hGBM L1 hGBM L2 hAstrocytes 
 IC50 SD IC50 SD IC50 SD IC50 SD 
Day 2 5.78 0.93 4.63 0.16 5.29 0.22 16.20 0.61 
Day 5 2.25 0.14 1.76 0.10 1.23 0.04 6.80 0.40 
Day 8 2.00 0.18 1.89 0.12 1.42 0.03 5.54 0.34 

 

The PrestoBlue assay used in this experiment is an indirect, metabolism-dependent assay in which 

viable cells reduce resazurin to a fluorescent resorufin product, allowing quan�fica�on of 

metabolic ac�vity. A decrease in signal o�en correlates with cell death or cytotoxicity. A�er 

treatment with clemas�ne, a significant reduc�on in cell metabolic ac�vity was observed, 

sugges�ng a poten�al cytotoxic effect. However, this assay does not dis�nguish between reduced 
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metabolic ac�vity and actual cell death, meaning that a lower signal may result from metabolic 

suppression rather than cytotoxicity.  

Three hGBM cell lines (L0, L1, and L2) were grown individually as mul�cellular spheres in a serum-

free medium to evaluate the cytotoxicity of clemas�ne cryogels. Empty cryogels did not kill GBM 

cells and affect the cell morphology a�er 7 days of incuba�on (Figure 2-16). 50 μg clemas�ne 

cryogels killed all hGBM L0 cells a�er one day of adding cryogels. The cell viability of hGBM L0 cells 

on Day 3 treated with 25 μg clemas�ne cryogels had no significant difference compared to 5 

μg/mL free drug treatment, sugges�ng the controlled drug release from cryogels. Clemas�ne 

released from 3.125, 6.25, or 12.5 μg samples was not sufficient to kill hGBM L0 cells. However, 

four days a�er adding the cryogels, even 3.125 μg clemas�ne cryogels nearly killed all hGBM L0 

cells. Similar results were observed on hGBM L1 and hGBM L2 cell lines (Figure 2-17 and Figure 2-

18). The cell viability data on Day 3 revealed that hGBM L2 was the most sensi�ve GBM cell line to 

clemas�ne.  

 

Figure 2-16 In vitro an�-GBM efficacy of clemas�ne cryogel on hGBM L0. 
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(A) shows representa�ve bright field images of hGBM L0 cells incubated with culture medium only, 

empty cryogel, 3.125 or 50 μg clemas�ne cryogel, and 5 μg/mL free clemas�ne. The cryogels were 

added on Day 2. Images were taken on Day 3, 6, and 9 (Scale bar = 200 μm). (B) shows the cell 

viability on Day 3, 6, and 9 (Cell only, empty cryogel and free drug, n=6; clemas�ne cryogel groups, 

n=5; no cells + empty cryogel, n=4; error bars represent the mean ± SD. Ordinary one-way ANOVA 

test: Day 3 and Day 9, Welch ANOVA tests: Day 6, ns = no significant difference, for **** 

p≤0.0001). Abbrevia�on: CLE: clemas�ne. 

 

Figure 2-17 In vitro an�-GBM efficacy of clemas�ne cryogel on hGBM L1. 

(A) shows representa�ve bright field images of hGBM L1 cells incubated with culture medium only, 

empty cryogel, 3.125 or 50 μg clemas�ne cryogel, and 5 μg/mL free clemas�ne. The cryogels were 

added on Day 2. Images were taken on Day 3, 6, and 9 (Scale bar = 200 μm). (B) shows the cell 

viability on Day 3, 6, and 9 (Cell only, empty cryogel and free drug, n=6; clemas�ne cryogel groups, 

n=5; no cells + empty cryogel, n=4; error bars represent the mean ± SD. Ordinary one-way ANOVA 

test: Day 3 and Day 9, Welch ANOVA tests: Day 6, for **** p≤0.0001). Abbrevia�on: CLE: 

clemas�ne. 
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Figure 2-18 In vitro an�-GBM efficacy of clemas�ne cryogel on hGBM L2. 

(A) shows representa�ve bright field images of hGBM L2 cells incubated with culture medium only, 

empty cryogel, 3.125 or 50 μg clemas�ne cryogel, and 5 μg/mL free clemas�ne. The cryogels were 

added on Day 2. Images were taken on Day 3, 6, and 9 (Scale bar = 200 μm). (B) shows the cell 

viability a�er on Day 3, 6, and 9 (Cell only, empty cryogel and free drug, n=6; clemas�ne cryogel 

groups, n=5; no cells + empty cryogel, n=4; error bars represent the mean ± SD. Welch ANOVA 

tests for all figures, for *** p≤0.001, **** p≤0.0001). Abbrevia�on: CLE: clemas�ne. 

3.9 The variability in the extent of surgical resection affects the clemastine treatment efficacy 

A pa�ent-derived GBM cell line (BT12) was used to establish the in vivo GBM model (Figure 2-19). 

This cell line had a growth patern in the cells that would form a tumour bulk but s�ll have 

individual cells and clusters invading other areas in the brain.(125) A�er 15 days of cell 

implanta�on, craniotomy was done to par�ally remove the tumour bulk and cryogels were 

implanted into the surgical resec�on cavi�es. Animals were randomly allocated into four treatment 

groups during the surgery. Five mice received only tumour resec�on, and their resec�on cavi�es 
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were le� empty. 11 mice were implanted with empty cryogels, four days a�er surgery, six of them 

were intraperitoneally administered with clemas�ne (50 mg/kg per day for 10 days), while the 

other five mice did not receive addi�onal treatment. Nine mice were implanted with the 

clemas�ne-loaded cryogel as the local treatment group (10 μg/animal).  

 

Figure 2-19 Schema�c representa�on of the in vivo orthotopic GBM tumour model establishment 

and surgery procedure. 

We first tried to locally administer 20 μg clemas�ne, but this animal died a few minutes a�er the 

surgery. So, we thought that 20 μg might be too high and cause toxicity to the animals. As the mice 

were weak a�er the craniotomy and local drug delivery achieved a much higher drug 

concentra�on than the systemic treatment, we reduced the dosage to 10 μg.  As shown in Figure 

2-20 (A), all mice lost weight a�er the craniotomy but recovered from the surgery a�er 4-8 days. 

There were no significant difference in the body weight among the four treatment groups two 

weeks a�er the surgery (p=0.0764), which indicated the in vivo biocompa�bility of the implanted 

cryogel. The mice's behaviour a�er the surgery was monitored to examine the brain injury and the 

biocompa�bility of the cryogel. Two mice from the clemas�ne cryogel group showed hemiplegia 

a�er 8 and 10 days of surgery, and one mouse from the resec�on-only group showed the same 

symptom a�er 14 days of the surgery, which suggested that cryogel implanta�on only caused rare 

side effects. 
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Figure 2-20 In vivo an�-GBM efficacy of clemas�ne cryogel. 
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(A) shows the changes in mouse body weight during the treatment (Resec�on only, n=5; Empty 

cryogel, n=5; Empty cryogel + IP clemas�ne, n=6; clemas�ne cryogel, n=9). (B) The size of the 

primary tumour a�er the treatment. (C) Quan�fica�on of the number of single invasive cells. (B) 

and (C): The tumours of one animal from resec�on only group and one animal from the clemas�ne 

cryogel group were completely resected, and these two animals were excluded from tumour 

analysis. Error bars represent the mean ± SD. Ordinary one-way ANOVA test for (B) and (C) (ns = no 

significant difference, for * p≤0.05). Representa�ve whole coronal sec�ons of murine brain treated 

with (D) tumour resec�on only, (E) empty cryogel, (F) empty cryogel + IP clemas�ne, and (G) 

clemas�ne cryogel. Dashed lines separate the primary tumour mass and the normal brain in 

por�on zoomed-in images. Arrows show the invasive GBM cells. 

All mice were euthanized a�er 14 days of tumour resec�on, and their brains were collected for IHC 

analysis. Due to the limited number of available animals, it was not feasible to simultaneously 

conduct survival studies and IHC analyses only a�er a short period of the treatment. Given this 

constraint, IHC was priori�sed as it offers more detailed and informa�ve insights into tumour 

progression, tumour cell invasion, and host responses following cryogel implanta�on. To analyse 

the an�tumor efficacy of clemas�ne cryogel, the size of the primary tumours, the number of single 

invasive tumour cells, the total size of the tumour cell clusters, the total number of tumour cells in 

tumour cell clusters, and the shortest distance between primary tumours and single invasive cells 

or tumour cell clusters were manually counted or measured in three sec�ons for each animal. 

However, some animals only had a �ny primary tumour covering less than three sec�ons. So, one 

mouse in the empty cryogel group was analysed for two brain sec�ons and one mouse in the 

clemas�ne cryogel group was analysed for one brain sec�on. Addi�onally, the primary tumours in 

two animals (one in the resec�on-only group and one in the clemas�ne cryogel group) were not 

observed, which might be due to the complete tumour resec�on. These two animals were 

excluded from the tumour analysis. 

Due to the par�al tumour resec�on, the primary tumours of most animals grew to a large bulk 

tumour a�er 14 days of surgery, whilst some animals underwent more successful surgery, and only 

a small primary tumour was observed. However, the size of primary tumours in the four treatment 

groups did not reach a significant difference (Figure 2-20 (B), p=0.5094). The empty cryogel 

treatment group had the smallest average size of primary tumours, which was only 41.5% 

compared to resec�on-only treatment (p=0.4383). Addi�onally, regardless of systemic 

administra�on or local delivery, clemas�ne failed to suppress the growth of primary tumours a�er 
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the tumour resec�on surgery. Interes�ngly, mice treated with the empty cryogel, empty cryogel 

plus IP injec�on clemas�ne, or clemas�ne cryogel had significantly less total amount of single 

invasive cells (Figure 2-20 (C)). Although treatment with clemas�ne cryogels appeared to reduce 

the number of single invasive tumour cells compared to the surgery-only group, a similar reduc�on 

was also observed in the empty cryogel group. This suggests that the presence of the cryogel may 

influence cell invasion, poten�ally due to mechanical or immunological effects. Moreover, 

variability in the extent of surgical resec�on may act as a confounding factor, affec�ng the number 

of residual or invasive cells detected post-treatment. Representa�ve whole coronal sec�ons of the 

murine brain in each group are shown in Figure 2-20 (D) – (G). Tumour cells were visualized by 

human vimen�n protein, which is a structural cytoskeletal protein, and podocalyxin was used to 

visualize the blood vessels. A large primary tumour was formed in all groups a�er 14 days of 

tumour resec�on A small part of GBM cells were observed invading the surrounding �ssues 

through nerve fibre tracts such as corpus callosum or blood vessels (Figure 2-20 (D)). 

In tumour cell analysis, if more than two cells migrated together, these tumour cells were regarded 

as tumour cell clusters. Figure 2-21 (A) and (B) show that the total size of the tumour cell clusters 

and the total number of invasive tumour cells in tumour cell clusters did not have significant 

difference among the four treatment groups (p=0.3534 and p=0.2003, respec�vely). This indicates 

that the an�-GBM efficacy of clemas�ne treatment is limited. In the orthotopic BT12 mouse model 

without resec�on, systemic clemas�ne treatment significantly reduced the total number of 

invasive cells and the distance of invasion compared to the vehicle treatment control group.(125) 

However, as the surgery is the mainstay for GBM management, tumour resec�on might atenuate 

the efficacy of clemas�ne treatment. In addi�on, the invasion distance from the primary tumours 

also showed no significant difference both for single invasive cells (Figure 2-21 (C), p=0.8829) and 

tumour cell clusters (Figure 2-21 (D), p=0.1197) among the four treatment groups. However, the 

invasion distance measured in one brain sec�on might not represent the shortest distance. 

Because of the 3D structure, the shortest distance might not be in the coronal plane. The huge 

variances in primary tumour size also impacted the measurement of invasion distance, as tumour 

cells did not have a large space to migrate if the primary tumour grew too large.  
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Figure 2-21 Analysis of the capability of GBM cell invasion. 

(A) Total size of tumour cell clusters in three brain sec�ons. (B) Total number of cells in tumour cell 

clusters. (C) The average shortage distance between single invasive cells and the primary tumour. 

(D) The average shortage distance between the tumour cell clusters and the primary tumour. 

Resec�on only, n=4; Empty cryogel, n=5; Empty cryogel + IP clemas�ne, n=6; clemas�ne cryogel, 

n=8. Error bars represent the mean ± SD. Nonparametric Kruskal-Wallis test for all figures, ns = no 

significant difference. 
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3.10 Cryogel implantation does not induce an inflammatory response 

GFAP is expressed exclusively in astrocytes, which is used as a protein marker corresponding to 

severe neural damage.(238) Astrocytes did not ac�vely secrete GFAP under physiological 

condi�ons, but intracerebral bleeding caused rapid release of GFAP.(239) GFAP expression level 

was commonly used to es�mate the inflammatory response a�er implan�ng biomaterials.(240) 

Recent studies suggested that GFAP might also be used as a diagnos�c biomarker of GBM.(241-

243) However, the prognos�c value of GFAP remains controversial. Some studies showed that high 

GFAP blood levels led to poorer survival �mes.(244, 245) Other studies no�ced that blood GFAP 

levels could not help to predict the overall survival �me and GBM recurrence.(246, 247)  

Figure 2-22 (A) shows a representa�ve coronal sec�on stained with GFAP in the empty cryogel plus 

IP injec�on clemas�ne treatment group. The GFAP-posi�ve staining area was concentrated in the 

primary tumour/surgical resec�on area. To analyse GFAP staining, the area frac�on of posi�ve 

GFAP staining area was measured as a semi-quan�ta�ve method. The ra�o of the GFAP posi�ve 

staining area frac�ons on the ipsilateral side versus the contralateral side was calculated for every 

coronal sec�on, and the GFAP expression on the contralateral side was used as the standard level 

to normalize the fluorescence intensity among different brain sec�ons. As shown in Figure 2-22 (B) 

and (C), the ra�o of the GFAP posi�ve staining area frac�ons did not have significant difference 

among the four treatment groups neither in brain sec�ons with resec�on cavity (p=0.5548) nor in 

anterior brain sec�ons (p=0.6283). As the tumour progress was similar, these results indicated that 

cryogel implanta�on did not induce extra neural damage compared to mice treated with tumour 

resec�on only. The data of GFAP posi�ve staining area frac�ons is shown in Figure 2-23. 

 

Figure 2-22 Cryogel implanta�on does not elevate the GFAP expression. 

(A) Representa�ve whole coronal sec�on micrographs of murine brain treated by empty cryogel 

plus IP clemas�ne with GFAP staining. The ra�o of the GFAP posi�ve staining area frac�ons in the 
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ipsilateral side of the brain with surgical resec�on versus the contralateral side of the brain (B) for 

the sec�ons with resec�on cavity, (C) for the anterior sec�ons. Resec�on only, n=10; Empty 

cryogel, n=10; Empty cryogel + IP clemas�ne, n=12; clemas�ne cryogel, n=18; error bars represent 

the mean ± SD. Welch ANOVA tests: (B), Ordinary one-way ANOVA test: (C), ns = no significant 

difference.  

 

Figure 2-23 Data of GFAP posi�ve staining area frac�ons. 

GFAP posi�ve staining area frac�ons of brain sec�ons with resec�on cavity (A) in the ipsilateral 

side of the brain and (B) in the contralateral side of the brain. GFAP posi�ve staining area frac�ons 

of anterior brain sec�ons (C) in the ipsilateral side of the brain and (D) in the contralateral side of 
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the brain. Resec�on only, n=10; Empty cryogel, n=10; Empty cryogel + IP clemas�ne, n=12; 

clemas�ne cryogel, n=18. Error bars represent the mean ± SD. 

IBA1 staining is used to evaluate the microglia ac�va�on.(248) IBA1 is localized in the cytoplasm 

and nucleus, which is relevant to the rearrangement of the ac�n cytoskeleton.(249, 250) Microglia 

ac�va�on is the process where microglia cells become ac�vated due to infec�on or injury.(251) 

Although ac�vated microglia cells can kill tumour cells, growth factors, and cytokines secreted by 

these cells, such as epidermal growth factor and interleukin 6, can also promote tumour growth 

and invasion, especially for GBM.(252, 253) Moreover, ac�ve microglia cells led to neuron cell 

death via coac�va�ng of Toll-like receptor 4 and interferon-gamma or inducing neurotoxic reac�ve 

astrocyte forma�on.(254, 255) IBA1-posi�ve microglia is used as a biomarker for analysing the 

inflammatory response.(256) 

A representa�ve coronal sec�on stained with IBA1 from the empty cryogel treatment group is 

shown in Figure 2-24 (A). The ac�ve microglia cells were concentrated around the surgical 

resec�on cavity. The microglia ac�va�on was mild in the contralateral side of the brain. The ra�o of 

IBA1 posi�ve staining area frac�on a�er normalizing to the contralateral side did not have 

significant difference in brain sec�ons with resec�on (Figure 2-24 (B), p=0.4334) or anterior brain 

sec�ons (Figure 2-24 (C), p=0.8165). The cryogel did not s�mulate the microglia ac�va�on over 

and above that of the mice with resected tumours only, which further confirmed the 

biocompa�bility of the cryogel. Figure 2-25 shows data of IBA1 posi�ve staining area frac�ons in 

the ipsilateral side or the contralateral side of the brain. 

 

Figure 2-24 Cryogel implanta�on does not elevate the IBA1 expression. 

(A) Representa�ve whole coronal sec�on micrographs of murine brain treated by empty cryogel 

with IBA1 staining. The ra�o of the IBA1 posi�ve staining area frac�ons in the ipsilateral side of the 

brain with surgical resec�on versus the contralateral side of the brain (B) for the sec�ons with 
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resec�on cavity, (C) for the anterior sec�ons. Resec�on only, n=10; Empty cryogel, n=10; Empty 

cryogel + IP clemas�ne, n=12; clemas�ne cryogel, n=18; error bars represent the mean ± SD. 

Nonparametric Kruskal-Wallis test: (B) and (C), ns = no significant difference. 

 

Figure 2-25 Data of IBA1 posi�ve staining area frac�ons. 

IBA1 posi�ve staining area frac�ons of brain sec�ons with resec�on cavity (A) in the ipsilateral side 

of the brain and (B) in the contralateral side of the brain. IBA1 posi�ve staining area frac�ons of 

anterior brain sec�ons (C) in the ipsilateral side of the brain and (D) in the contralateral side of the 

brain. Resec�on only, n=10; Empty cryogel, n=10; Empty cryogel + IP clemas�ne, n=12; clemas�ne 

cryogel, n=18. Error bars represent the mean ± SD. 
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This animal study mainly focused on the suppression of invasive GBM cells a�er clemas�ne local 

treatment and the host response to cryogel implanta�on. The large highly variable primary 

tumours formed a�er 14 days of the surgery, showing the common GBM recurrence. Despite 

clemas�ne treatment reducing the amount of single invasive tumour cells, it failed to suppress the 

growth of the bulk primary tumours. These results also suggest that the surgery might s�ll 

dominate the therapeu�c efficacy rather than the following clemas�ne treatment. So, a combined 

therapy for clemas�ne, such as a chemotherapeu�c, might be needed to eradicate the residual 

tumour cells. On the other hand, the dosage of local treatment also limited the therapeu�c 

efficacy. The animals cannot afford a high dosage of clemas�ne a�er the surgical tumour resec�on, 

which makes long-las�ng therapeu�c efficacy nearly impossible. However, the immediately started 

local treatment did not induce other adverse effects, and administra�ng a �ny amount of drugs 

locally got a similar tumour progress compared to the high-dosage systemic treatment, sugges�ng 

the importance of early treatment and high drug delivery efficiency. One advantage of the local 

treatment is bridging the gap of for wai�ng the wound to heal before star�ng the 

chemoradiotherapy.(257) If animals received the systemic treatment combined with local 

treatment, the therapeu�c efficacy might be beter. Addi�onally, the nega�vely charged SPA 

cryogel is a versa�le drug delivery system able to bind various posi�vely charged drugs and 

proteins. It is worth inves�ga�ng delivering other therapeu�cs together, such as oncology drugs, 

repurposed drugs, or proteins for immunotherapy. 

4. Conclusions 

In this chapter, I designed 3D-printed templates for crea�ng cylindrical cryogels used for rat/mouse 

tumour resec�on cavi�es. The size expansion ra�o of cryogels with different formula�ons was 

determined to guide the design of the templates.  The cryogels had a so� but robust structure, 

fi�ng the mechanical property of the brain �ssue while being easy to handle. DOX and clemas�ne 

were loaded into the cryogels with high loading efficiency and loading capacity, sugges�ng the 

versa�lity of a drug delivery pla�orm. Cryogels loaded with a high amount of DOX sustained 

released drugs for 53 days, but cryogels loaded with a small amount of DOX had a rapid release 

patern. Clemas�ne cryogels showed a burst release in the first two days and a small part of the 

drugs were sustained released a�er that. Empty cryogels had good cytocompa�bility and 

clemas�ne cryogel delayed killing hGBM cells. The results of the in vivo study confirmed the 

biocompa�bility of the cryogel implanta�on by body weight monitoring and IHC analysis of GFAP 

staining and IBA1 staining. Empty cryogel, clemas�ne cryogel and systemic clemas�ne plus empty 
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cryogel implanta�on showed the similar reduc�on in the single invasive tumour cells. The 

variability in the extent of surgical resec�on may act as a confounding factor, affec�ng the number 

of the invasive GBM cells. Together with these results, although a potent therapeu�c agent is 

required to be discovered, cryogel is a promising so� biomaterial for local drug delivery into the 

brain. 
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3. Chapter 3: Designing cryogel microcarriers as a drug 
delivery vehicle to locally treat glioblastoma  
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1. Introduction 

Cryogels are a type of polymeric material with large, interconnected pores. The high porosity 

creates a high surface area to volume ra�o for the interac�on between the cryogel scaffold and 

surrounding molecules, allowing many poten�al applica�ons in biomedical sciences such as cell 

culture,(258) �ssue engineering,(259) bioreactors,(260) and wound healing.(261) Tradi�onally, 

par�cle crystalliza�on or immiscible liquid droplets have been used as porogens to prepare 

macroporous networks.(262, 263) However, these methods encounter challenges in ensuring 

adequate interconnec�vity and completely removing porogens.(264) Cryogela�on is a process 

where polymeric materials are crosslinked around the ice crystals under semi-frozen condi�ons, 

which ice crystals serve as porogen in this scenario.(265) This process streamlines the produc�on 

of interconnected macroporous polymer materials, making cryogels increasingly atrac�ve in 

recent years.  

One advantageous property of cryogels is their shape reten�on. Cryogels can be easily prepared as 

customized shapes and recover the shape a�er passing through a needle of much smaller diameter 

than the cryogel itself.(266) For example, a cylindrical shape cryogel (5 mm in diameter, 2 mm in 

height), or a rectangular shape cryogel (9*6*1.5 mm) could easily pass through a much smaller 

needle (16 gauge size, 1.194 mm inner diameter).(144) This property therefore allows more 

flexibility in the material design whilst s�ll allowing injectability of the scaffold.(267) To prepare 

cryogels with well-defined dimensions, a template or mold is usually used to hold the precursor 

solu�on for freezing and crosslinking.(175) However, it is difficult and �me-consuming to prepare 

tens of thousands of microscale cryogels of the same size by this method. Droplet-based 

microfluidics allows the genera�on of monodispersed emulsions.(176) The size of the droplets is 

�ghtly controlled by the design of the microfluidics device and the flow rate of the dispersed phase 

and con�nuous phase. Herein, we leveraged this technique to prepare cryogels on a microscale 

with a narrow size distribu�on, named cryogel microcarriers (MCs). 

Conven�onal drug administra�on, systemic with repeat administra�on, usually results in a high 

propor�on of off-target drugs and side effects.(268) Ideally, therapeu�c agents could be delivered 

to �ssues with control over �me and space. Less frequent drug administra�on has been shown to 

enhance pa�ent compliance, improve effec�veness, and poten�ally reduce adverse effects and 

healthcare costs.(269, 270) For intracranial drug delivery, it could also improve the applicability 



Chapter 3: Cryogel microcarriers drug delivery vehicle 

92 
 

and reduce the need for logis�c support. So, it is crucial to develop a drug delivery system (DDS) 

with long-term sustained drug release for glioblastoma (GBM) local treatment. 

Affinity-based DDS atenuates the diffusion of the therapeu�cs through the polymeric matrix and 

controls the release rate by reversible interac�ons between the therapeu�cs and a binding 

ligand.(271) The high surface area to volume ra�o of the cryogel facilitates the affinity-based 

controlled release by providing a higher density of the binding ligand. Hydrophobic interac�ons, 

van der Waals forces, electrosta�c interac�ons, and hydrogen bonding are the four main types of 

affini�es u�lized for affinity-based DDS.(272) For hydrophobic associa�ons, cyclodextrin and π-π 

stacking interac�ons are used to incorporate the drugs into DDS.(235, 273) The π-π stacking 

interac�on is the interac�on between aroma�c groups containing π bonds which includes edge-to-

face stacked, edge-to-face stacked, and face-to-surface stacked.(274) Liu et al. loaded Doxorubicin 

(DOX) on PEG-func�onalized single-walled carbon nanotubes by a π-π stacking interac�on.(275) In 

another study, the π-π stacking interac�on between DOX molecules was used to encapsulate free 

drugs and assemble the micelles.(276)  Liang et al. u�lized π-π stacking interac�on to prepare DOX 

self-assembled polymeric micelles that the terminal of poly(ethylene glycol)-poly(lac�c acid) was 

modified by cinnamic acid, 7-carboxymethoxy coumarin or chrysin.(235) The π-conjugated 

moie�es modifica�on improved the drug loading efficiency, slowed down the release rate, and 

enhanced the in vivo an�tumor efficacy. On the other hand, electrosta�c interac�ons are a simple 

way for molecular binding, depending on the different charges between the polymeric material 

surface and the drug molecules. This non-specific atrac�on allows simultaneous delivery of 

mul�ple drugs in one vehicle.(277) The sulfonic group in 3-sulfopropyl acrylate provides nega�ve 

charges, and the cryogel made by this monomer is effec�vely loaded with posi�vely charged 

proteins and dyes.(208, 278) We hypothesized that nega�vely charged MCs could be u�lized as a 

universal drug delivery pla�orm to deliver posi�vely charged drugs. We selected two 

chemotherapeu�cs, venetoclax and DOX, and two repurposed drugs, brexpiprazole and 

vor�oxe�ne, with poten�al an�-GBM efficacy,(118) which are all posi�vely charged compounds, to 

inves�gate the loading efficiency and release profiles (Figure 3-1). 
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Figure 3-1 Structures of drug molecules with protonated amines under physiological condi�ons 

(pH 7.4). 

(A): venetoclax, (B): DOX, (C): brexpiprazole, (D): vor�oxe�ne. 

Brexpiprazole, vor�oxe�ne and DOX are introduced in either Chapter 1 or Chapter 2. Venetoclax is 

a small molecular inhibitor targe�ng B-cell lymphoma-2 (BCL-2) for the treatment of chronic 

lymphocy�c leukaemia (CLL).(279) The survival of CLL cells highly depended on the expression of 

BCL-2.(280) Venetoclax induced cell apoptosis via ac�va�ng caspases-9 and caspases-3, meanwhile 

cleaving the caspase substrate and poly(ADP)ribose-polymerase.(281) Research showed that 

venetoclax had high ac�va�on in TCF3-HLF-posi�ve acute lymphoblas�c leukaemia (ALL), which 

suggested it could become an op�on for the treatment of paediatric ALL.(282) The results of a 

Phase II clinical trial showed that venetoclax had robust ac�vity and good tolerability in CLL 

pa�ents recurrent or refractory to ibru�nib and idelalisib.(283) One-year progress-free survival was 

72% and overall survival was 90%. BCL-2 family protein (such as BCL-2, BCL-xL, and BCL-W) 

inhibitors demonstrated the ability to induce cell apoptosis in GBM cell lines, including LN229 and 

A172 treated with ABT-737 and ABT-263 (navitoclax),(284) and U87MG treated with ABT-263.(285) 

Rahman et al. found that radia�on or TMZ exposure of GBM cells could induce selec�ve 

vulnerability to BCL-2 inhibitors such as venetoclax.(286) 

Aims: 
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This chapter aims to create nega�vely charged MCs by microfluidics, inves�gate the drug loading 

capacity and drug loading efficiency of four drugs (DOX, venetoclax, brexpiprazole and 

vor�oxe�ne), evaluate the drug release paterns, test the cytocompa�bility of empty MCs on 

primary human astrocytes and an�-GBM efficacy of brexpiprazole MCs. We hypothesize that drugs 

with a posi�ve charge under normal physiological condi�ons (pH=7.4) could bind with the 

nega�vely charged sulfonate groups and the electrosta�c interac�on between the drug and the 

sulfonate groups could control the drug release.  

2. Materials and methods 

2.1 Chemicals and materials 

The chemicals and materials used in this chapter are shown in Table 3-1. Chemicals were used 

without any further purifica�on. Table 3-2 shows the equipment used in this chapter. 

Table 3-1 List of chemicals and materials 

Chemicals and Materials Company Catalog number 
Poly(ethylene glycol) diacrylate 700 (PEGDA700) Sigma 455008 
3-sulfopropyl acrylate potassium salt (SPA) Sigma 251631 
Sodium 4-vinylbenzenesulfonate (VBS) Sigma 94904 
Lithium Phenyl(2,4,6-trimethyl-benzoyl)phosphinate (LAP) TCI L0290 
Phosphate-buffered saline (PBS) Gibco 10010023 
Bovine serum albumin (BSA) Sigma SLCD6757 
Dimethyl sulfoxide (DMSO) Sigma D2650 
Absolute ethanol Fisher Chemical E/0600DF/15 
Acetone Fisher Chemical A/0600/17 
HFE-7500 engineered fluid 3M 7100025016 
1H,1H,2H,2H-perfluoro-1-octanol (PFO) Sigma 370533 
008 Fluoro Surfactant RAN Biotechnologies 038-074 
DOX LC-Laboratories D-4000 
Venetoclax MedChemexpress HY-15531 
Brexpiprazole MedChemexpress  HY-15780 
Vor�oxe�ne TargetMol ABIN6574672 
Tween 80 Sigma P4780 
Eosin Y Sigma E6003 
Sodium acetate trihydrate Sigma 32318 
Ace�c acid Sigma 27225 
iFluor® 647 AAT Bioquest 1065 

 

Table 3-2 List of equipment 

Equipment Company Catalog number 
Microfluidic pump Imprint Landgraf 

Laborsysteme HLL GmbH 
LA30 

Microscope Primovert Zeiss 491206-0002-000 
High-speed camera Phantom C110 
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Immersion cooler Huber TC100E 
OmniCure UV Curing System Excelitas S1500 
InfiniteRX plate reader Tecan  
Vortex mixer Scien�fic industries G560E 
Orbital Shanker-incubator Grant-bio ES-20 
Zeiss Sigam HD Field Emission Gun Scanning 
Electron Microscope 

Zeiss  

BIO-RAD SC500 sputer coater Quorum Technologies  
IRSpirit Shimadzu  
Confocal microscope Leica TCS SP5 

2.2 Preparation of MCs 

The prepara�on method of MCs was adapted from a previously published protocol (Figure 3-

2).(278) Briefly, 2% 008 Fluoro Surfactant (wt/v) was dissolved in the HFE-7500 oil as the 

con�nuous phase, and the formula�on of the dispersed phase was described in Table 3-3. The 

nozzle size of the droplet generator chip was 140 μm (Fluidic 163, 10000004, Microfluidic 

ChipShop, Germany). The water-in-oil (W/O) emulsion was prepared at a flow rate ra�o of 1.5 (900 

μL/h for con�nuous phase and 600 μL/h for dispersed phase driven by LA30 syringe pump, Imprint 

Landgraf Laborsysteme HLL GmbH, Germany). An inverted microscope (Zeiss, Germany) with a 

high-speed camera (C110, Phantom, USA) was used to monitor the droplet genera�on. The W/O 

emulsion was collected in the absence of light a�er the droplet genera�on was stable and then 

freezing for 17 hours at -60°C in a precooled ethanol bath. MCs were crosslinked using Omnicure 

S1500 UV lamp (Excelitas, USA) by relevant intensity mode at 50% power (11.5 W/cm2) for 3 

minutes under frozen condi�ons. MCs were purified a�er the ice crystals were thawed. 160 mg 

MCs were washed with 750 μL 20% (v/v) PFO in HFE oil 3 �mes to remove the Fluoro Surfactant, 

and 1 mL HFE oil 3 �mes to remove the excess PFO. Then, 1 mL of deionized water was added to 

resuspended MCs, and the remaining HFE oil was removed from the botom a�er the solu�on 

layered. Next, MCs were washed with 3 mL acetone 3 �mes to completely remove the HFE oil and 

3 mL ethanol 3 �mes. MCs were transferred into pre-weighed 2 mL centrifuge tubes and were 

ready to be used a�er complete drying in the vacuum oven at room temperature. 

 

Figure 3-2 A schema�c diagram shows the prepara�on of MCs by microfluidics. 
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(A) W/O emulsion is generated by microfluidics. (B) Ice crystals form inside the droplets. (C) 

Monomers are crosslinked under semi-frozen condi�ons. (D) Interconnected macropore structure 

is formed a�er ice crystals thaw. This figure was generated with Biorender.com. 

Table 3-3 The formula�on of the dispersed phase 

Abbrevia�on Formula�on (molar ra�o) Solid 
content 
(wt/v) 

PEGDA 
700 
(mg) 

SPA 
(mg) 

VBS 
(mg) 

LAP 
(mg) 

Volume 
of water 
(mL) 

95SPA MCs 95% SPA / 5% PEGDA 700 8% 54.8 345.2  4.6 5 
50SPA MCs 50% SPA / 50% PEGDA 700 8% 300.3 99.7  2.5 5 
50VBS MCs 50% VBS / 50% PEGDA 700 8% 309.0  91.0 2.6 5 

2.3 Morphological characterization of the MCs 

The size distribu�on of MCs was evaluated using images captured through a light microscope. The 

microscope's scale was calibrated using a stage micrometre. Measurements of MC sizes were 

performed manually u�lizing the ImageJ so�ware. 

Zeiss Sigam HD Field Emission Gun Scanning Electron Microscope (Zeiss, Germany) was used to 

visualize the structure of MCs. Completely dried MCs were coated with 10-20 nm AuPd by BIO-RAD 

SC500 sputer coater (Quorum Technologies, UK). Imaging of MCs was conducted using an 

Everhart-Thornley detector, with a beam energy of 5 kV and a final aperture diameter of 30 µm. 

To prepare fluorescently labelled MCs, 5 µg/mL iFluor® 647 was added into the dispersed phase 

solu�on. Samples were scanned by TCS SP5 confocal microscope (Leica, Germany) using a 633 nm 

laser, and a 3D series (“z stack”) was captured. 3D pore structure was reconstructed in ImageJ.  

Infrared spectra of monomers and MCs were scanned using an IRAffinity-1S FTIR Spectrometer 

(Shimadzu, Japan). The background signal was scanned before running each sample to subtract any 

residual peaks from the instrument and the environment. FTIR spectra were scanned by 

transmitance mode from 500 cm-1 to 2500 cm-1 with a resolu�on of 0.9. MCs were dried 

completely to avoid any interference. 

2.4 Detection and quantification of drug concentrations 

2.4.1 Venetoclax 

Venetoclax was detected by ultraviolet-visible (UV) spectrophotometry at 424 nm. The calibra�on 

curve method was used to calculate the drug concentra�on in samples. The linear range of the 

calibra�on curve was from 6.25 to 400 μg/mL. Samples were diluted from the 5 mg/mL stock 
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solu�on in pure DMSO. The medium used for dilu�on contained 5% (wt/v) Tween 80 due to the 

low solubility of venetoclax in water.  

2.4.2 Brexpiprazole 

Brexpiprazole was quan�fied using UV spectrophotometry at a wavelength of 325 nm. Drug 

concentra�ons were determined based on a calibra�on curve within the linear range of 0.39 to 50 

μg/mL. Samples for building the calibra�on curve were diluted from the 5 mg/mL stock solu�on in 

pure DMSO. The medium used for dilu�on contained 5% (wt/v) Tween 80 as a solubilizer. 

2.4.3 Vortioxetine 

A fluorescence quenching method was used for vor�oxe�ne detec�on.(228) Eosin Y and weak 

basic compounds can form a complex under weak acid condi�ons resul�ng in fluorescence 

quenching of eosin Y, so the concentra�on of the weak basic compounds could be determined by 

the change in fluorescence value.(287) The linear range of the calibra�on curve was from 0.4 to 8 

μg/mL. The samples used to build the calibra�on curve were diluted by 0.2 M ace�c acid buffer at 

pH 3.7 from the stock solu�on of vor�oxe�ne at 10 mg/mL in pure DMSO. 300 μL vor�oxe�ne 

samples, 300 μL 0.15 mg/mL eosin Y and 300 μL extra blank medium (the same as the medium in 

the samples to be tested) were added into one 2 mL centrifuge tube and mixed well by vortex 

mixer. The fluorescence was read in a 96-well plate by InfiniteRX plate reader (Tecan, Switzerland) 

using excita�on and emission wavelengths of 306/539 nm. For samples to be tested, 300 μL 

sample solu�on, 300 μL 0.15 mg/mL eosin Y and 300 μL 0.2 M ace�c acid buffer at pH 3.7 were 

added into one 2 mL centrifuge tube and mixed well by vortex mixer. The drug concentra�on was 

calculated by the calibra�on curve. 

2.5 Analysis of drug loading capacity and efficiency 

Dried MCs were resuspended in deionized water at 5 mg/mL. DOX stock solu�on (200 mg/mL in 

pure DMSO) was then diluted using deionized water to a certain concentra�on. To prepare drug 

loading samples, 100 μL MCs solu�on and 400 μL DOX solu�on were put into a 2 mL centrifuge 

tube and mixed well. Posi�ve control without MCs was prepared to monitor the degrada�on of 

DOX. DOX was loaded at room temperature for 3 days in the absence of light. A�er the incuba�on, 

the drug concentra�on in the supernatant was detected, and the loading efficiency was calculated 

by subtrac�ng the unloaded drugs. MCs were washed by PBS 3 �mes to remove the unloaded 

drugs. 
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Venetoclax solu�on at 500 μg/mL was diluted from the stock solu�on (5 mg/mL in pure DMSO) by 

5% (wt/v) Tween 80 in pH 3.7 ace�c acid buffer (0.1 M). The loading sample was mixed using 100 

μL MCs solu�on and 400 μL venetoclax solu�on in a 2 mL centrifuge tube. Venetoclax was loaded 

at room temperature for 3 days or at 37°C with a gentle shake (80 rpm) for 3 or 7 days. A posi�ve 

control sample (containing 400 μL venetoclax solu�on and 100 μL deionized water) was used to 

monitor the stability of the drug in the loading medium. A�er the incuba�on, the drug 

concentra�on in the supernatant was detected, and the loading efficiency was calculated by 

subtrac�ng the unloaded drugs. MCs were washed using PBS 3 �mes to remove the unloaded 

drugs, remove Tween 80 and bring up pH to 7.4. 

A brexpiprazole stock solu�on (5 mg/mL in pure DMSO) was diluted using 1% (wt/v) Tween 80 in 

pH 3.7 ace�c acid buffer (0.1 M). Drug loading samples were prepared by mixing the MCs solu�on 

and brexpiprazole solu�on at a volume ra�o of 1:4. To inves�gate how the weight ra�o of 

brexpiprazole to MCs affected the drug loading efficiency, brexpiprazole concentra�ons in drug 

loading samples were changed, but the amount of drugs and the concentra�on of MCs were kept 

constant. Detailed data on drug loading sample prepara�on is shown in Table 3-4. Next, the weight 

ra�o of the drug to MCs was kept constant at 1:1, but the amount of drug was changed to 

inves�gate whether the volume of the loading medium would affect the drug loading efficiency. 

One control sample was prepared for each loading condi�on by adding the same volume of 

deionized water to replace the MC solu�on to monitor the stability of the drug solu�on. A�er 

incuba�ng at 37°C for 3 days in an orbital shaker incubator (ES-20, Grant-bio, UK) with 80 rpm 

shaking, drug concentra�ons in the supernatant were detected, and the loading efficiency was 

calculated by subtrac�ng the unloaded drugs. MCs were washed with PBS 3 �mes to remove the 

unloaded drugs, remove Tween 80, and bring up pH to 7.4. 

Table 3-4 Detailed informa�on on drug loading sample prepara�on 

Weight 
ra�o of 
drug to 
MCs 

The 
amount 
of drugs 
(μg) 

The 
amount 
of MCs 
(μg) 

Drug 
concentra�on in 
loading medium 
(μg/mL) 

Volume of 
drug 
loading 
medium 
(μL) 

Volume 
of MCs 
solu�on 
(μL) 

Volume 
of drug 
solu�on 
(μL) 

Drug 
concentra�on 
in prepared 
solu�on 
(μg/mL) 

1:5 100 500 200 500 100 400 250 
2:5 100 250 400 250 50 200 500 
3:5 100 167 600 167 33 134 750 
4:5 100 125 800 125 25 100 1000 
5:5 (1:1) 100 100 1000 100 20 80 1250 
6:5 100 83.3 1200 83.3 16.7 66.7 1500 
1:1 25 25 1000 25 5 20 1250 
1:1 50 50 1000 50 10 40 1250 
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1:1 150 150 1000 150 30 120 1250 
1:1 200 200 1000 200 40 160 1250 

 

Vor�oxe�ne stock solu�on (10 mg/mL in pure DMSO) was diluted to 500 μg/mL solu�on by pH 3.7 

ace�c acid buffer (0.1 M). 100 μL MCs solu�on and 400 μL drug solu�on were mixed in a 2 mL 

centrifuge tube to prepare drug-loading samples. Vor�oxe�ne was loaded either at room 

temperature without shaking or at 37°C with a gentle shake (80 rpm). A�er the incuba�on, the 

drug concentra�on in the supernatant was detected, and the loading efficiency was calculated 

minus the unloaded drugs. MCs were washed by PBS 3 �mes to remove the unloaded drugs and 

bring up pH to 7.4. 

2.6 Evaluation of in vitro drug release profiles 

To evaluate drug release profiles, a certain volume of drug-loaded MCs was put into a 1.5 mL 

centrifuge tube and a release medium was added to reach up to 1 mL. PBS containing 0.3 mg/mL 

BSA was used as a release medium for DOX studies, which mimicked the protein concentra�on in 

the brain. 1% or 5% (wt/v) Tween 80 in PBS was used as a release medium for brexpiprazole 

studies and pure PBS was used as a release medium for vor�oxe�ne studies. The samples were put 

into the incubator at 37°C with gentle shaking at 80 rpm (in the absence of light for DOX studies). 

At each �me point, 900 µL supernatant was removed and replaced by fresh release medium. The 

samples were stored at -20°C for further inves�ga�on. At the end of the experiment, the 

concentra�on of drugs in all samples was detected. The amount of drug released is calculated by 

the following equa�on 3-1. 

𝑡𝑡𝑇𝑇 = �

𝑐𝑐𝑇𝑇 ∗ 𝑉𝑉𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶                              (𝑎𝑎 = 1)

𝑐𝑐𝑇𝑇 ∗ 𝑉𝑉𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶 +  𝑉𝑉𝑅𝑅𝑇𝑇𝑅𝑅𝐶𝐶𝑇𝑇𝑅𝑅𝑇𝑇𝑅𝑅 ∗� 𝑐𝑐𝑖𝑖

𝑇𝑇−1

𝑖𝑖=1

  (𝑎𝑎 > 1) 

Equa�on 3-1. Where, mn is the cumula�ve release amount of the nth �me point (µg). cn is the drug 

concentra�on of the nth �me point (µg/mL). VTotal is the total volume of the release medium. 

VReplaced is the volume of the removed and replaced medium at each �me point. 

2.7 Cell culture 

Pa�ent-derived GBM stem cell lines (hGBM L0, L1, and L2) and primary human astrocytes were 

cultured and maintained as described in Chapter 2 sec�on 2.9. 
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2.8 Analysing the cytocompatibility of empty MCs 

The cytocompa�bility of empty MCs was evaluated using primary human astrocytes. Empty MCs 

were incubated at 37°C in pH 3.7 ace�c acid buffer (0.1 M) with 1% (wt/v) Tween 80 at a 

concentra�on of 1000 μg/mL for 3 days to match the drug loading condi�ons. Primary human 

astrocytes were seeded in poly-L-lysine coated 48-well plates (Costar, 3548) at a density of 4800 

cells/well. A�er one day of incuba�on, empty MCs were added at a final concentra�on of 100 

µg/mL. Images of cells were taken by microscope camera during the incuba�on (E3ISPM, 

microscience Ltd., UK) and the cell viability was tested by the PrestoBlue assay a�er 1, 4, and 7 

days of adding empty MCs and normalizing to untreated control cells (background fluorescence 

was subtracted from experimental wells). Cells were incubated in PrestoBlue for 2 hours and 

fluorescence intensity was read with 560 nm wavelength excita�on and 590 nm wavelength 

emission.(233) 

2.9 Cytotoxicity of free brexpiprazole 

To inves�gate the cytotoxicity of free brexpiprazole, primary human astrocytes were plated in poly-

L-lysine coated 96-well plates (Costar, 3595) at a density of 1,600 cells/well, and hGBM stem cells 

were plated in Geltrex coated 96-well plates at a density of 5,000 cells/well. A�er one day of 

incuba�on, brexpiprazole solu�on was added, which was prepared by serial dilu�on from 5 mg/mL 

stock solu�on in pure DMSO using the complete culture medium. The cell viability was tested using 

the PrestoBlue assay a�er 1, 4, and 7 days of adding drugs. 

2.10 Anti-GBM efficacy of brexpiprazole MCs in 2D cell culture model 

The in vitro an�-GBM efficacy of brexpiprazole MCs was first inves�gated on a 2D monolayer cell 

culture model. The hGBM L0, L1, and L2 cells were cultured in Geltrex-coated 48-well plates. GBM 

cells were seeded at a density of 15,000 cells/well, and drugs were added on the second day at a 

final concentra�on of 100 µg/mL for empty MCs; 2.5, 10, 25, 50, and 100 µg/mL for brexpiprazole 

MCs; and 2.5 µg/mL for free drug. The morphology of cells was imaged, and the cell viability was 

analysed by PrestoBlue assay on Day 2, 5, and 8. 

2.11 Anti-GBM efficacy of brexpiprazole MCs in 3D spheroid model 

A 3D spheroid cell culture model was established by using ultra-low atachment 96-well plates 

(Costar, 7007). Briefly, hGBM L2 cells were seeded at a density of 1,000 cells/well. Well plates were 

centrifuged at 300 g for 5 minutes to force cells into forming spheroids. Cell spheroids were 

cultured for 4 days before the treatment. Brexpiprazole MCs were added at 2.5, 10, 25, 50 µg/mL, 
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and 2.5 µg/mL free drug was used as a control group. The size of the spheroids was analysed by 

microscope images in ImageJ on Day 4, 5, 6, 7, 8, and 11. On Day 5, 8, and 11, addi�onal cultures 

of the spheroids were incubated with PrestoBlue for 3 hours to test the cell viability before reading 

the fluorescence intensity. 

2.12 Statistical analysis 

Sta�s�cal analysis was conducted as described in Chapter 2 Sec�on 2.16. 

3. Results and discussion 

3.1 Preparation and characterization of MCs 

A W/O emulsion was generated by droplet-based microfluidics to serve as the template for MC 

prepara�on. Figure 3-3 (A) shows the morphology of the droplets whose size was around 270 µm. 

Figure 3-3 (B) shows the morphology of MCs a�er purifica�on and resuspending in deionized 

water. MCs had a narrow size distribu�on of 482.4 ± 35.1 μm (Figure 3-3 (C)). The size of MCs 

increased compared to the droplets, because of the volume expended when water got converted 

to ice and the low propor�on of PEG, which formed the skeleton of MCs. As shown in Figure 3-3 

(B), the texture of MCs converged at one point. Varia�ons in greyscale within the MCs may reflect 

differences in pore density. This could be atributed to the temperature gradient during freezing, 

where a localized region exposed to lower temperatures experiences a faster freezing rate, leading 

to smaller pore sizes.(288) 

 

Figure 3-3 Morphological characteris�cs of MCs.  
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Representa�ve bright field photos of (A) the droplets, and (B) the MCs a�er the crosslinking and 

purifica�on. (C) shows the size distribu�on of MCs (n=100). (D) Representa�ve SEM image and a 

component of the zoomed-in por�on of a dehydrated MC. (E) Representa�ve confocal microscope 

image of MCs shows the inner pore structure. 

LAP was used as the photoini�ator for the synthesis of MCs, which has an absorbance peak at 375 

nm and measurable absorbance in the visible light range from 400 nm to 420 nm.(289) Compared 

to the commonly used Irgacure 2959 photoini�ator, LAP catalysed the polymeriza�on reac�on ten 

�mes faster when using the same concentra�on of photoini�ator.(289) The higher molar ex�nc�on 

coefficient of LAP enables the usage of 365 nm UV light and 405 nm visible light in biomedical 

applica�ons.(290) Despite LAP having good cytocompa�bility, research showed that the 

cytotoxicity of LAP could be enhanced by exposure to 405 nm light, especially without a reactant, 

which might be because the generated free radicals interact with the cells.(291, 292) So, it is also 

crucial to remove the excess LAP a�er the cryogela�on.  

SEM images of MCs (Figure 3-3 (D)) show that the size of MCs shrunk to around 100 μm a�er 

dehydra�on. Due to the extremely low freezing temperature used for MC prepara�on, the 

resul�ng pore size was very small, rendering the macropore structure undetectable under SEM. 

Therefore, the hydrated MCs were visualized using a confocal microscope. Figure 3-3 (E) illustrates 

that the pore size was approximately 5-10 μm. 

FTIR spectra confirmed a successful polymeriza�on reac�on, in which the sulfonate groups were 

incorporated in the MCs a�er the cryogela�on. Specifically, Figure 3-4 shows that the peak of the 

vinyl group at 1638 cm-1 (C=C stretching) almost disappeared and the peaks of the sulfonate group 

at 1040 cm-1 and 1170 cm-1 (S=O stretching) were present a�er the crosslinking. In addi�on, the 

intensity of the C=O stretching at 1720 cm-1, SO2 asymmetric stretching at 1040 cm-1, and S-O 

symmetric stretching at 1170 cm-1 were reduced a�er the cryogela�on.  
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Figure 3-4 FTIR spectra confirm the complete polymeriza�on reac�on of 95SPA MCs. 

3.2 Analysis of drug loading capacity and efficiency of MCs 

3.2.1 High loading efficiency is achieved for DOX 

The loading efficiency of DOX was tested by using 95SPA MCs, 50SPA MCs, and 50VBS MCs. The 

effect of MC concentra�on was inves�gated first on 95SPA MCs. As shown in Figure 3-5 (A), the 

drug loading efficiency was almost the same when using 1 mg/mL or 2 mg/mL MCs to load the 

same amount of DOX. So, 1 mg/mL of MC concentra�on was chosen for the subsequent 

experiments because using a lower MC concentra�on achieved higher drug loading capacity.  

Another monomer, VBS, was used to create MCs, and the results of DOX loading efficiency in VBS 

MCs are shown in Figure 3-5 (B). The sulfonic group in VBS is covalently bonded to a phenyl group, 

which can stabilize the anion of the sulfonic group a�er losing the hydrogen ion (Figure 3-5 (C)). 

This stability improvement of sulfonic acid anion means the acidity of VBS is stronger than that of 

SPA.  For the acrylate group in SPA, the vinyl group is covalently bonded to an ester group which 

can withdraw the electron of the vinyl group and make the vinyl group more sensi�ve to being 

atacked by the free radicals. Despite the vinyl group ac�ng as an electron-dona�ng group when it 

is covalently bonded to a phenyl group, this ac�vity is very weak. Addi�onally, the sulfonic group in 

the para posi�on withdraws the electron and transfers this effect through the conjugated system 

to the vinyl group, so VBS should be able to be polymerized via free radical reac�on. However, MCs 

cannot be prepared using 95% VBS, which might be due to the lower chemical reac�vity of the 

vinyl group than SPA. So, I decreased the propor�on of VBS and successfully prepared 50VBS MCs, 

and 50SPA MCs were used as a comparison (Figure 3-5 (D)). For 50SPA MCs and 50VBS MCs, the 

density of nega�ve charges was lower than 95SPA MCs, which meant a reduc�on in the loading 
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capacity and a lower DOX concentra�on was required. According to the results of DOX loading 

studies in the previous chapter, increasing the concentra�on of DOX benefited drug loading 

efficiency. So, to reduce the decreased range of DOX concentra�on in the loading medium, a 

higher MC concentra�on (2 mg/mL) was chosen to be used. The weight ra�o of 1 to 4 of DOX to 

MCs (250 μg DOX and 1000 μg MCs) showed the highest loading efficiency both in 50SPA MCs and 

50VBS MCs, which was selected for the subsequent experiments (Figure 3-5 (B)). 

 

Figure 3-5 SPA MCs and VBS MCs effec�vely load DOX. 

(A) shows the DOX loading efficiency in 95SPA MCs when altering the amount of DOX. (B) shows 

the DOX loading efficiency in 50SPA MCs and 50 VBS MCs when altering the amount of DOX. (C) 

The structure of VBS monomer. (D) The structure of PEGDA-co-VBS. (A) and (B): n=3, error bars 

represent the mean ± SD. 

3.2.2 The loading efficiency of venetoclax is limited 

5% (wt/v) Tween 80 was added into the loading medium as a solubilizer due to the low solubility of 

venetoclax in PBS. Some pilot studies were done to test the loading efficiency of venetoclax in 

95SPA MCs. As shown in Figure 3-6, venetoclax failed to be loaded into the 95SPA MCs in PBS (pH 

7.4). I hypothesized that pH value could affect drug loading efficiency because only protonated 

drugs could bind with the nega�vely charged groups in the MCs, and more weak alkaline drugs 

could be protonated at lower pH values. 0.1 M ace�c acid buffer was used to adjust the pH value of 
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the loading medium to 5.5 and 3.7. The results showed that pH 3.7 improved the drug loading 

efficiency by around 10% compared to pH 7.4 but failed to show significant difference. Next, the 

effect of temperature on drug loading was inves�gated. The higher temperature accelerates the 

thermal mo�on of the molecules, meaning higher chances for the drugs to bind with the 

nega�vely charged groups. Compared to the room temperature, the loading efficiency was 

significantly increased by around 13% at 37°C. Extending the loading period from 3 to 7 days 

increased the loading efficiency by around 9% without significant difference. However, even with 

the best condi�ons, less than 35% of venetoclax was loaded into the MCs. Because of this low 

loading efficiency, venetoclax was not taken forward for release studies. 

 

Figure 3-6 The loading efficiency of venetoclax in 95SPA MCs under various condi�ons. 

(A) and (B) show the percentage and the amount of drug loading, respec�vely (n=3, error bars 

represent the mean ± SD. Ordinary one-way ANOVA test, ns = no significant difference, for ** 

p≤0.01, *** p≤0.001, **** p≤0.0001. Abbrevia�on: RT: room temperature). 

3.2.3 MCs load brexpiprazole with high capacity and efficiency 

The medium used for brexpiprazole loading was 1% Tween 80 in 0.1 M ace�c acid buffer at pH 3.7. 

More protonated drug molecules existed under acidic condi�ons for weak alkaline compounds, 

which provided more chances for drug molecules to interact with sulfonate groups on the MCs. 

Furthermore, an increased propor�on of ionic drug molecules enhanced the drug's solubility. To 

further augment solubility, 1% Tween 80 was employed as a solubilizer. However, adding too much 

solubilizer reduced the loading efficiency (92.2% ± 1.7% in 1% Tween 80 vs 83.6% ± 5.7% in 10% 

Tween 80). This might be because of the viscosity of the loading medium. A highly viscous solu�on 

could affect the thermal mo�on of the drug molecules. In addi�on, a higher concentra�on of 
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Tween 80 could mean more chances of Tween 80 molecules masking the sulfonate groups and 

interfering with the electrosta�c interac�ons. 

The drug loading capacity of MCs was inves�gated by changing the weight ra�o of the drug to 

MCs, which was adjusted through the drug concentra�on in the loading medium while the MCs 

concentra�on was kept constant. As shown in Figure 3-7 (A), drug loading efficiency rose by 

around 5% when the weight ra�o increased from 1:5 to 2:5 (drug to MC). The loading efficiency 

remained stable at approximately 95% un�l the weight ra�o reached 5:5 (1:1). However, the 

loading efficiency of 6:5 samples decreased to 81.4% ± 7.2%. For 100 μg MCs, the theore�cal 

satura�on point to load brexpiprazole was 161 μg. The reduc�on in loading efficiency was possibly 

due to the small volume of the drug loading medium (83.3 μL), which might limit the movement of 

MCs. The first increasing part of this curve suggested the limita�on of drug loading via the 

electrosta�c interac�ons mechanism. The equilibrium that posi�vely charged drugs bound with 

the sulfonate groups in the MCs required a drug concentra�on gradient. 

 

Figure 3-7 Brexpiprazole has high loading efficiency. 

(A) shows the brexpiprazole loading efficiency with various weight ra�os of drug to MCs from 1:5 

to 6:5. Each sample contained 100 μg drug. (B) shows the brexpiprazole loading efficiency with 

various amount of the drug. The weight ra�o of the drug to MCs was kept constant at 1:1. (A) and 

(B): n=4, error bars represent the mean ± SD. 

The weight ra�o 5:5 (1:1) was selected for the next loading experiments because this weight ra�o 

had both high loading efficiency and loading efficacy. A decrease in loading efficiency was observed 

when samples had less than 100 μg drug (100 μL loading medium, Figure 3-7 (B)). This experiment 

further confirmed that a small volume of loading medium affected the loading efficiency, and 100 

μL loading medium might be the threshold. 
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3.2.4 Vortioxetine shows high loading efficiency 

To load Vor�oxe�ne, 0.1 M pH 3.7 ace�c acid buffer without Tween 80 was used as the loading 

medium because I observed that Tween 80 affected drug detec�on (Eosin Y assay). The solubility 

of vor�oxe�ne at pH 3.7 was 298.45 mg/mL (data calculated from Chemicalize), which was high 

enough for the drug loading and the drug solu�on under this condi�on was stable for at least 3 

days. The results showed that around 95% of the drug was loaded into the 95SPA MCs, and the 

loading efficiency was not affected by the temperature (Figure 3-8).  

 

Figure 3-8 Vor�oxe�ne has high loading efficiency in 95SPA MCs. 

(A) and (B) show the percentage and the amount of drug loading, respec�vely (n=3, error bars 

represent the mean ± SD; abbrevia�on: RT: room temperature). 

3.3 In vitro drug release profiles of drug-loaded MCs 

3.3.1 MCs loaded with higher amount of DOX prolong the drug release period 

To inves�gate the drug release profiles of DOX 95SPA MCs, the first drug release study was 

conducted with the MCs loaded with the different weight ra�os of DOX, which were 1:2, 1:4, and 

1:8. In this experiment, each sample contained 200 μg MCs. As shown in Figure 3-9, for the burst 

release in the first two days, 58.1% ± 2.2%, 38.8% ± 5.0%, and 23.7% ± 3.0% DOX were released 

from the MCs loaded with 25, 50 and 100 μg DOX, respec�vely, followed by a small part sustained 

released DOX. 25 and 50 μg samples stopped releasing on Day 5 and Day 12 respec�vely, while 100 

μg samples con�nued releasing DOX un�l Day 14. This release patern of DOX MCs matched that of 

DOX cylindrical cryogel in Chapter 2, in which the cryogel loaded with a higher amount of DOX 

sustained released drugs for a longer period. When MCs were loaded with less drugs, there were 

more available nega�vely charged groups in MCs, but MCs failed to retain the payload and slow 

down the release rate. The reason might be due to addi�onal intermolecular forces among DOX 
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molecules such as π-π stacking. Only 37%-66% payloads were released from the MCs before no 

further drug release occurred. The remaining DOX might be precipitated/drug crystals generated 

during the drug loading. The release of this por�on of the drugs is poten�ally controlled by the 

solubility equilibrium of DOX. These results suggest that a higher weight ra�o of DOX to MCs 

prolongs the long-term sustained drug release, but the remaining unreleased DOX might be a 

hazardous factor to cause adverse effects. With that said, the release study in vitro only par�ally 

mimics in vivo condi�ons, so the true release extent in vivo is as of yet unknown. 

 

Figure 3-9 Increasing the weight ra�o of DOX to MCs extends the DOX release period. 

(A) and (B) show the amount and the percentage of cumula�ve DOX release, respec�vely (n=4, 

error bars represent the mean ± SD). 

When the weight ra�o of DOX to MCs increased to 1:1, the loading efficiency was maintained at a 

high level (over 95%). So, in the second experiment, the weight ra�o of DOX to MCs was kept 

constant at 1:1 and samples containing various amounts of DOX from 5 to 100 μg were used to 

conduct a drug release study. Samples with more DOX cumula�vely released a higher amount of 

the drug (Figure 3-10 (A)). However, as shown in Figure 3-10 (B), the percentage of DOX release 

had a different patern, in which the DOX release rate accelerated in samples with less drugs. 5 and 

25 μg samples significantly released more propor�on of payloads compared to 100 μg samples. 
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Figure 3-10 The amount of DOX in the release samples affects the drug release profiles. 

(A) and (B) show the amount and the percentage of cumula�ve DOX release, respec�vely (95SPA 

MCs loaded with 1:1 weight ra�o of DOX; n=4, error bars represent the mean ± SD). Asterisks in (B) 

show the sta�s�cal significance of the percentage of DOX release compared to 100 μg DOX / 100 

μg MCs samples (two-way ANOVA test). 

The doses of DOX previously administered via local delivery in orthotopic GBM rat models ranged 

from 1-5 μg per animal.(69, 71, 83, 92) So, 5 μg samples were also selected for the evalua�on of 

drug release profiles because 5 μg could represent a relevant dose for in vivo studies. However, for 

5 μg samples, DOX was released very fast, and 79.3% ± 8.8% of DOX was released a�er only one 

day. These results revealed that the amount of DOX in the release samples affected the release 

rate. The solubility of DOX at pH 7.4 is 5.15 mg/mL (data from Chemicalize), mee�ng the 

requirements of sink condi�ons for 100 μg samples, which suggests that other factors play the key 

role to control the drug release. The difference of the concentra�on gradient generated by the 

released DOX might affect the intermolecular forces including electrosta�c interac�ons and π-π 

stacking, which further controls the release rate. As men�oned-above, the precipita�on/drug 

crystals of DOX in MCs generated during the drug loading at a high weight ra�o should be easier to 

be released when the drug concentra�on is low in the medium. These might be the reasons of the 

rapid release patern for 5 μg samples. 

In the third DOX release study, release profiles were inves�gated on 50VBS MCs and 50SPA MCs. 

The phenyl group in VBS might provide π-π stacking interac�ons with DOX to increase the binding 

force and prolong the drug release. As shown in Figure 3-11, the release curves were nearly 

overlapping for 50SPA MCs and 50VBS MCs loaded with the same amount of DOX. Only the release 

from 100 μg samples on Day 1 had a significant difference, in which 27.0% ± 2.3% and 36.4% ± 

1.8% DOX were released from 50VBS MCs and 50SPA MCs, respec�vely. For 5 μg samples, the drug 

release rate was s�ll very fast, and 77.6% ± 9.7% of DOX were released from 50VBS MCs on Day 1. 

These results suggested that DOX release profiles did not improve by a slightly higher acidity of the 

monomer and the poten�al extra π-π stacking interac�ons. 
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Figure 3-11 VBS MCs slightly improve the burst release of DOX. 

(A) and (B) show the amount and the percentage of cumula�ve DOX release, respec�vely (n=4, 

error bars represent the mean ± SD; two-way ANOVA test, for * p≤0.05). 

Because a higher weight ra�o of drug to MCs improved the sustained release profiles and only a 

few micrograms of DOX could be administrated locally into the brain in animal studies, there might 

be some extra space in the resec�on cavity a�er implan�ng DOX MCs. Empty MCs could be used to 

fill the residual space of the resec�on cavity. So, in the fourth DOX release experiment, 5-45 μg 

empty MCs were added to the drug release samples. I hypothesized that the extra empty MCs 

might slow down the release rate because released DOX might bind with other MCs before 

becoming the free drug. However, results showed that most of the DOX was released within one 

day (Figure 3-12). Adding empty MCs did not decrease the release rate. It only resulted in the 

reduc�on of the total amount of released DOX, which might be because some of the released DOX 

were “reloaded” into the empty MCs, and they were never released again. 

 

Figure 3-12 Adding blank MCs in the release samples results in the reten�on of DOX. 

(A) and (B) show the amount and the percentage of cumula�ve DOX release, respec�vely (n=3, 

error bars represent the mean ± SD). 
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The total volume of cerebrospinal fluid in a rat is around 400-600 μL, and the produc�on rate of 

cerebrospinal fluid is around 2.2 μL/min.(293, 294) So, the volume of release medium used in 

previous studies (1 mL) might not represent the real environment. In the fi�h DOX release 

experiment, various volumes of release medium, from 100 to 1000 μL, were used to conduct the 

release study. As shown in Figure 3-13, changing the volume of the release medium only affected 

the total amount of DOX release, but did not alter the release patern. 

 

Figure 3-13 The volume of the release medium does not affect the DOX release profiles for MCs 

loaded with a small amount of DOX. 

(A) and (B) show the amount and the percentage of cumula�ve DOX release, respec�vely (n=3, 

error bars represent the mean ± SD). 

The effect of five parameters (weight ra�o, amount of drug, type of monomer, blank MCs, volume 

of release medium) for the DOX release patern was analysed. According to the results of the 

above experiments, sustained DOX release via electrosta�c interac�ons only occurred when using 

a large amount of drugs, which was also proved by the previous publica�ons in our group.(233, 

295) However, the release patern drama�cally changed using a small amount of drugs (5 μg DOX), 

which was required for local treatment of GBM. The release profiles of MCs loaded with 5 μg DOX 

matched the finding in Chapter 2 Figure 2-12 using bulk cryogel material, indic�ng a consistency in 

the drug release patern regardless of the size of the cryogel material. MCs are a versa�le delivery 

vehicle with the flexibility to fit into tumour resec�on cavi�es of various sizes and shapes, holding 

the advantage to be translated to the human condi�on. Interes�ngly, decreasing the amount of 

drug and the volume of release medium in equal propor�on, (experiment 2: 50 μg sample in 1 mL 

release medium and experiment 5: 5 μg sample in 0.1 mL release medium) the release patern was 

different, which might be because of the interac�on efficiency between the release medium and 

MCs. 
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MCs setled down at the botom of the centrifuge tube during the release experiments. One 

poten�al reason for the sustained DOX release in the samples with a large amount of drugs is the 

inefficient medium exchange. However, topping with an extra 45 μg blank MCs did not affect the 

release patern of the 5 μg sample (experiment 4), sugges�ng that DOX release was controlled at 

the molecular level. Another poten�al reason causing this problem might be the DOX 

concentra�on. Specifically, the concentra�on gradients between the solu�on and MCs are different 

for samples with different amounts of DOX. The results of previous DOX loading studies (Chapter2, 

Figure 2-8) showed that a certain DOX concentra�on (approximately 13 μg/mL) was required to 

keep the equilibrium of binding via electrosta�c interac�ons, which was not affected by the total 

amount of loaded DOX. So, on the contrary, a certain amount of DOX is needed to be released 

from the cryogel to raise the drug concentra�on high enough to reach the binding equilibrium, 

which also should not be relevant to the amount of DOX remaining in the MCs. So, the propor�on 

of released DOX needs to be increased to reach the binding equilibrium whilst decreasing the total 

amount of DOX in the drug release samples. Another hypothesis is that DOX might become 

precipita�on/drug crystals inside the MCs when loading at a high weight ra�o of drug to MCs. The 

drug precipita�on is difficult to be dissolved in the release medium, because the solubility of DOX 

in PBS is lower than in deionized water. These might be the reasons why DOX was released faster 

using less amount of drug in the samples. However, it should be kept in mind that in vivo 

condi�ons will inherently be different from in vitro drug release condi�ons. As the cerebrospinal 

fluid is always circula�ng, if the DOX concentra�on cannot reach the binding equilibrium of 

electrosta�c interac�ons, even administering a high amount of DOX MCs, the drug release might 

be rapid. 

3.3.2 MCs sustained release brexpiprazole 

The drug release profiles of brexpiprazole MCs were first inves�gated for the effect of the weight 

ra�o of the drug to MCs. All samples contained the same amount of drugs (100 μg) with a weight 

ra�o from 1:5 to 6:5. Two types of release medium were used in this study (1% Tween 80 in PBS 

(Figure 3-14 (A) and (B)) and 5% Tween 80 in PBS (Figure 3-14 (C) and (D)). The release profiles of 

brexpiprazole MCs were significantly affected by the concentra�on of Tween 80. The release 

curves were like a first-order curve in 5% Tween 80 medium, whilst it became nearly a zero-order 

curve in 1% Tween 80 medium a�er the burst release. When using 1% Tween 80, the burst release 

in the first two hours was 17.02% ± 0.27% in 6:5 samples. 1:5 (27.07% ± 3.50%), 2:5 (24.98% ± 

1.79%), 3:5 (24.57% ± 2.18%), and 5:5 (21.65% ± 1.66%) samples released significantly more 
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payloads compared to 6:5 samples in the first two hours. However, on Day 1 and Day 2, only 3:5 

samples had significant difference of the percentage drug release compared to 6:5 samples. A�er 

the burst release, brexpiprazole was released at a nearly constant rate in 1% Tween 80 medium 

un�l the drug release stopped for all samples. So, the weight ra�o of the drug to MCs only have 

limited effect on the release rate under this condi�on, and increasing the weight ra�o extended 

the drug-releasing period. On the other hand, the drug release rate accelerated when using 5% 

Tween 80 medium, especially for samples with low weight ra�o of drug to MCs. 1:5 samples 

released 50.2% ± 3.5% payload whilst 6:5 samples only released 19.28% ± 8.77% a�er two hours. 

1:5 and 2:5 samples showed a significant difference compared to 6:5 samples at this �me point. 

3:5 samples reached the significant difference on Day 1 and Day 2, comparing to 6:5 samples. Most 

drugs were released within a week. 1:5 samples stopped drug release only a�er 3 days whilst 6:5 

samples sustained released drugs for 10 days. These data revelled that increasing the weight ra�o 

slowed down the drug release rate in the burst release and prolonged the drug release period. The 

release paterns of brexpiprazole MCs were tested in a pure PBS medium, but no drugs were 

detected (Data not shown). 
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Figure 3-14 MCs sustained release brexpiprazole. 

(A) and (B) show the amount and the percentage of cumula�ve drug release using 1% (wt/v) 

Tween 80 in PBS release medium, respec�vely. (C) and (D) show the amount and the percentage of 

cumula�ve drug release using 5% (wt/v) Tween 80 in PBS release medium, respec�vely. (B) and 

(D): Asterisks represent the significant difference compared to the 6:5 samples (the colour of the 

asterisks matches the figure keys; asterisks are marked for the first three �me points, showing the 

difference of the drug release in the burst release stage). (A) – (D): each sample contained 100 μg 

drug; the legend shows the weight ra�o of drug to MCs. (E) and (F) show the amount and the 

percentage of cumula�ve drug release when changing the amount of drugs in the release samples, 
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respec�vely. 1% (wt/v) Tween 80 in PBS was used as the release medium. (F): Asterisks represent 

the significant difference compared to the 200 μg samples (the colour of the asterisks matches the 

figure keys; asterisks are marked for the first three �me points, showing the difference of the drug 

release in the burst release stage). (A) – (F): n=4, error bars represent the mean ± SD; abbrevia�on: 

BRE: brexpiprazole. 

Increasing the weight ra�o modestly improved the drug release profiles. The reason might be 

because drugs first bound with sulfonate groups on the surface of MCs and subsequently bound 

with sulfonate groups at the core of MCs. Drugs on the surface were vulnerable to release from 

MCs, whilst inner drug molecules needed to diffuse longer and might rebind with other sulfonate 

groups during the release. 

The second brexpiprazole release study was performed to inves�gate the effect of the amount of 

drugs in release samples. The weight ra�o of drugs to MCs was kept constant at 1:1. To increase 

the accuracy of the amount of drugs in release samples by avoiding pipe�ng MCs a�er the 

loading, each release sample was prepared from a single loading sample. The cumula�ve amount 

and percentage of released drugs are shown in Figure 3-14 (E) and (F), respec�vely. Samples with 

more brexpiprazole showed an extended drug release period. Brexpiprazole was sustained 

released from MCs for 45 days in 200 μg samples, whilst 25 μg samples sustained released drugs 

for around 11 days. The burst release in the first two hours was 14.6% ± 1.4% and 26.7% ± 0.7% for 

200 μg and 25 μg samples, respec�vely. A�er one day, 56.8% ± 6.6% brexpiprazole was released 

from 25 μg samples and 28.6% ± 1.1% brexpiprazole was released from 200 μg samples. 25 μg, 50 

μg, and 100 μg samples released significantly more propor�on of payloads compared to 200 μg 

samples in the ini�al release period (within two days). These results indicated that the amount of 

drugs (or the concentra�on of drugs) affected the drug release rate. Since electrosta�c interac�ons 

are reversible, samples containing a smaller amount of drugs must release a higher propor�on of 

the drug to achieve binding equilibrium. 

3.3.3 Vortioxetine is rapidly released from MCs 

The effect of the solubilizer on the release paterns of vor�oxe�ne MCs was inves�gated. The 

solubility of vor�oxe�ne at pH 7.4 is 0.097 mg/mL (data calculated from Chemicalize), which 

means pure PBS as a release medium could not meet the requirement of the sink condi�ons. 

Ethanol was used as the solubilizer instead of Tween 80 because Tween 80 interferes with the 

determina�on of vor�oxe�ne. As shown in Figure 3-15 (A) and (B), changing the propor�on of 

ethanol in the release medium only affected the cumula�ve amount of drug release. The release 
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profiles were nearly the same when using 20% (v/v) ethanol, 10% (v/v) ethanol, or pure PBS. The 

drug release stopped only a�er two or three days. 99SPA (20%, wt/v) MCs were prepared as a 

formula�on with a higher density of nega�ve charges. However, compared with the standard 

95SPA MCs, the drug release patern was almost the same (Figure 3-15 (C) and (D)). The reduc�on 

of the cumula�ve amount of drug release when decreasing the usage of ethanol might be because 

some vor�oxe�ne precipitated in the release medium. As the released drugs were detected from 

the supernatant of the release medium, the precipitated drugs were ignored. Moreover, the 

precipita�on reduced the drug concentra�on in the release medium further promo�ng the release 

rate. These results indicated that vor�oxe�ne MCs had a rapid drug release patern. Therefore, 

vor�oxe�ne MCs were not taken forward for cell studies. 

 

Figure 3-15 Vor�oxe�ne MCs show a rapid drug release profile. 

(A) and (B) show the amount and the percentage of cumula�ve vor�oxe�ne release from 95SPA 

MCs, respec�vely. (C) and (D) show the amount and the percentage of cumula�ve vor�oxe�ne 

release from 99SPA (20%, wt/v) MCs, respec�vely. (A) – (D): n=4, error bars represent the mean ± 

SD. 

3.4 Drug loading medium does not make empty MCs cytotoxic  

The in vitro cytocompa�bility of empty MCs was evaluated on primary human astrocytes. Empty 

MCs were incubated in the drug loading medium (1% Tween 80 in 0.1 M pH 3.7 ace�c acid buffer) 
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for 3 days to evaluate whether the drug loading medium induced cytotoxicity. Figure 3-16 (A) 

shows that there were no morphological changes for cells incubated with empty MCs. As shown in 

Figure 3-16 (B), there were no significant difference in cell viability between untreated cells and 

cells cultured with empty MCs. Together these results indicated that MCs had good 

cytocompa�bility and confirmed that the drug-loading method would not cause poten�al toxicity. 

 

Figure 3-16 Empty MCs have good cytocompa�bility on primary human astrocytes a�er being 

incubated in the drug-loading medium. 

(A) shows representa�ve images of primary human astrocytes incubated with or without 100 

μg/mL empty MCs (Scale bar = 200 μm). MCs were added on Day 1. Images were taken on Day 2, 

5, and 8. (B) shows the cell viability on Day 2, 5, and 8 (n=8, error bars represent the mean ± SD). 

Unpaired t-test: Day 5 and Day 8, Welch’s t-test: Day 2, ns = no significant difference. 
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3.5 Free brexpiprazole is more toxic to GBM cells than astrocytes 

Four drug candidates (DOX, venetoclax, brexpiprazole and vor�oxe�ne) were inves�gated for the 

drug loading efficiency and release profiles in this chapter. However, three of the four above-

men�oned drugs showed dissa�sfactory results. Specifically, the loading efficiency of venetoclax 

was too low. DOX and vor�oxe�ne were released rapidly at therapeu�c concentra�ons. Only 

brexpiprazole MCs had both high loading efficiency and desirable release paterns. So, it is worth 

further inves�ga�ng the poten�al of brexpiprazole MCs against GBM in cell studies. 

Figure 3-17 shows the dose-respond curves of free brexpiprazole on three pa�ent-derived hGBM 

stem cell lines and primary human astrocytes, and Table 3-5 shows the IC50 values. hGBM L0 was 

the most resistant hGBM cell line to brexpiprazole, and the IC50 was 2.67 μg/mL on Day 5, two 

�mes higher than that of hGBM L1 and hGBM L2. However, the IC50 of hAstrocytes was 4.25 

μg/mL, which was even higher than hGBM L0. It meant that the drug concentra�on between 2.67 

and 4.25 μg/mL could selec�vely kill GBM cells. This therapeu�c window suggested that 

brexpiprazole shows promise for repurposing as an an�-GBM drug. 

 

Figure 3-17 Dose-respond curves of free brexpiprazole. 

(A) – (C) hGBM cell lines and (D) primary human astrocytes (n=6, error bars represent the mean ± 

SD). 

Table 3-5 IC50 values of free brexpiprazole on hGBM cell lines and hAstrocytes (μg/mL) 

 hGBM L0 hGBM L1 hGBM L2 hAstrocytes 
 IC50 SD IC50 SD IC50 SD IC50 SD 
Day 2 3.37 0.16 3.03 0.17 3.03 0.16 8.30 0.62 
Day 5 2.67 0.22 1.12 0.07 1.15 0.06 4.25 0.28 
Day 8 3.07 0.17 1.46 0.11 1.20 0.06 4.77 0.44 

3.6 Brexpiprazole MCs reduce the viability of hGBM cells 

The cytotoxicity of brexpiprazole MCs was first evaluated on a 2D monolayer cell culture model. 

Cell morphology was monitored during the experiments (Figure 3-18 (A)). Interes�ngly, 

brexpiprazole MCs were darker than the empty MCs under the microscope. With the drug release, 
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the colour of brexpiprazole MCs lightened. The bright field images also showed that some released 

drugs precipitated probably due to the low solubility of brexpiprazole. 

 

Figure 3-18 In vitro an�-tumour efficacy of brexpiprazole MCs against hGBM L0. 

(A) shows representa�ve bright field images of hGBM L0 cells incubated with cell culture medium 

only, 100 μg/mL empty MCs, 100 or 2.5 μg/mL brexpiprazole MCs, or 2.5 μg/mL free brexpiprazole 

(Scale bar = 200 μm). MCs were added on Day 1. Images were taken on Day 2, 5, and 8. (B) shows 

the cell viability on Day 2, 5, and 8 (Cell only and Free drug, n=4; Empty MCs and brexpiprazole 

MCs, n=6, error bars represent the mean ± SD). Ordinary one-way ANOVA test: Day 2, Welch 

ANOVA test: Day 5 and Day 8, ns = no significant difference, for *** p≤0.001, **** p≤0.0001. 

Abbrevia�on: BRE: brexpiprazole. 

As shown in Figure 3-18 (B), empty MCs did not reduce the cell viability of hGBM L0 un�l Day 8. 

The cell viability on Day 2 did not show significant difference among 10, 25, 50, and 100 μg/mL 

brexpiprazole MCs treatments. The cell viability of 2.5 μg/mL brexpiprazole MCs and 2.5 μg/mL 

free drugs treatment was significantly higher than the other four concentra�ons of brexpiprazole 
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MCs treatment, but cell viability did not show significant difference between these two groups. On 

day 5, all brexpiprazole MCs treated groups and the free drug treatment nearly eradicated all GBM 

cells. Similar results were observed on hGBM L1 and hGBM L2 (Figure 3-19 and 3-20). Specifically, 

there were no significant difference in cell viability among 10, 25, 100 μg/mL brexpiprazole MCs 

treatments on hGBM L1 for 1 day, and the cell viabili�es of hGBM L2 exposed to 10, 25, 50, 100 

μg/mL brexpiprazole MCs or 2.5 μg/mL free drug for 1 day had no significant difference. These 

results suggested that although the concentra�ons of brexpiprazole MCs were different, the 

cumula�ve amount of released drugs by 1 day was similar, which matched the results of in vitro 

drug release profiles that lower concentra�ons of brexpiprazole MCs released the drug faster. 

Although 100 μg/mL brexpiprazole MCs had the best release profile, the low IC50 values of free 

brexpiprazole mean it is impossible to observe the sustained drug release at such a high 

concentra�on in cell studies. 

 

Figure 3-19 In vitro an�-tumour efficacy of brexpiprazole MCs against hGBM L1. 

(A) shows representa�ve bright field images of hGBM L1 cells incubated with cell culture medium 

only, 100 μg/mL empty MCs, 100 or 2.5 μg/mL brexpiprazole MCs, or 2.5 μg/mL free brexpiprazole 
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(Scale bar = 200 μm). MCs were added on Day 1. Images were taken on Day 2, 5, and 8. (B) shows 

the cell viability on Day 2, 5, and 8 (Cell only and Free drug, n=4; Empty MCs and brexpiprazole 

MCs, n=6, error bars represent the mean ± SD). Ordinary one-way ANOVA test: Day 2, Welch 

ANOVA test: Day 5 and Day 8, ns = no significant difference, for * p≤0.05, **** p≤0.0001. 

Abbrevia�on: BRE: brexpiprazole. 

 

Figure 3-20 In vitro an�-tumour efficacy of brexpiprazole MCs against hGBM L2. 

(A) shows representa�ve bright field images of hGBM L2 cells incubated with cell culture medium 

only, 100 μg/mL empty MCs, 100 or 2.5 μg/mL brexpiprazole MCs, or 2.5 μg/mL free brexpiprazole 

(Scale bar = 200 μm). MCs were added on Day 1. Images were taken on Day 2, 5, and 8. (B) shows 

the cell viability Day 2, 5, and 8 (Cell only and Free drug, n=4; Empty MCs and brexpiprazole MCs, 

n=6, error bars represent the mean ± SD). Ordinary one-way ANOVA test: Day 2 and Day 5, Welch 

ANOVA test: Day 8, ns = no significant difference, for ** p≤0.01, **** p≤0.0001. Abbrevia�on: BRE: 

brexpiprazole. 
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3.7 Brexpiprazole MCs suppress the growth of hGBM L2 3D spheroids 

The shortcomings of 2D monolayer cell cultures, such as lack of cell-cell interac�on and different 

paterns of the distribu�on of nutrients, have probably been a reason for the contradic�on 

between the results of in vitro drug candidate screening and in vivo/clinical models.(296, 297) In 

3D cell culture models, cells grow in rounded shapes and form clusters, mimicking the in vivo 

tumour microenvironment including the hypoxia and acidity core in solid tumours.(298, 299) To 

further understand the in vitro an�-GBM efficacy of brexpiprazole MCs, we used the forced-

floa�ng method to form cell spheroids using non-adhesive well plates. 

The average size of hGBM L2 3D spheroids was 65,380 μm2 before the treatment (Figure 3-21). 

Untreated spheroids grew to an average of 505,206 μm2 a�er a week. Despite the size of cell 

spheroids treated with 2.5 μg/mL brexpiprazole MCs showing no significant difference in 

comparison to nega�ve control (Figure 3-22 (A)), the morphology of cell spheroids changed, and 

the edge became unclear and fuzzy, sugges�ng the effect on cell growth. Images of cell spheroids 

treated with 2.5 μg/mL free drug on Day 7 and 8 showed tumour cells on the surface of spheroids 

were killed first, which suggested that 3D cell culture reduced the drug penetra�on to more inward 

cells. 

 

Figure 3-21 Images of hGBM L2 spheroids during the treatment. 

Representa�ve bright field images of hGBM L2 3D spheroids incubated with cell culture medium 

only, 2.5 or 50 μg/mL brexpiprazole MCs, or 1.25 μg/mL free brexpiprazole (Scale bar = 200 μm). 

MCs were added on Day 4. Abbrevia�on: BRE: brexpiprazole. 
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Figure 3-22 Brexpiprazole MCs reduce the viability and suppress the growth of hGBM L2 3D 

spheroids. 

(A) shows the size changes of cell spheroids (n=6, error bars represent the mean ± SD). Two-way 

ANOVA test. Asterisks show sta�s�cally significant difference compared to cell only control. (B) 

shows the cell viability on Day 5, 8, and 11 (n=6, error bars represent the mean ± SD). Ordinary 

one-way ANOVA test: Day 4, Welch ANOVA test: Day 1 and Day 7, ns = no significant difference, for 

* p≤0.05, ** p≤0.01, **** p≤0.0001. Abbrevia�on: BRE: brexpiprazole. 

Compared to untreated spheroids, the size of hGBM L2 spheroids treated with 10, 25, 100 μg/mL 

brexpiprazole MCs or 2.5 μg/mL free drug significantly decreased a�er seven days (Figure 3-22 

(A)). The cell viability was considerably reduced a�er one day of being treated with 10, 25, and 100 

μg/mL brexpiprazole MCs or 2.5 μg/mL free drug (Figure 3-22 (B)). A�er 4 days of exposure to 2.5 

μg/mL free drug, the cell viability of hGBM L2 spheroids was 49.2% ± 7.2%, whilst 10, 25, or 100 

μg/mL brexpiprazole MCs treatment nearly killed all cells. On Day 11, the cell viability decreased to 

zero when the spheroids were treated with 2.5 μg/mL free drug. The lowest concentra�on of 

brexpiprazole MCs treatment (2.5 μg/mL) did not decrease cell viability during the experiment. 

These data indicated that hGBM L2 spheroids exhibited less sensi�vity in comparison to 2D 

monolayer culture. The innate resistance in 3D spheroids could beter guide the transi�on from in 

vitro studies to in vivo studies. 
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4. Conclusions 

In this chapter, I have successfully created nega�vely charged MCs with a narrow size distribu�on 

by droplet-based microfluidics. The drug loading efficiency was evaluated by DOX, venetoclax, 

brexpiprazole and vor�oxe�ne, and results showed that three drugs had high loading efficiency, 

with the excep�on of venetoclax. Five drug release studies were conducted on DOX MCs to 

inves�gate the drug release profiles, especially for the dose corresponding to in vivo study. The 

results suggested that the amount of DOX in the release samples obviously affected the release 

profiles, and samples with a small amount of DOX had a rapid release patern. Although the 

loading efficiency of vor�oxe�ne was good, the rapid release patern meant it was not suitable to 

be delivered by MCs. Brexpiprazole MCs showed both high loading efficiency and sustained drug 

release profiles, so the in vitro an�-GBM of this drug was further inves�gated. The results of cell 

studies showed that empty MCs had good cytocompa�bility on primary human astrocytes, free 

brexpiprazole had a poten�al therapeu�c window to kill GBM cells whilst being safe for non-

malignant cells, and brexpiprazole-loaded MCs showed sustained release of the drug and kill GBM 

cells. 
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4. Chapter 4: Vor�oxe�ne: a poten�al drug for 
repurposing for glioblastoma treatment via a 
microsphere local delivery system 

 

The work in this chapter has been published as a research paper. 

Yu Wang, Dorit Siebzehnrubl, Michael Weller, Tobias Weiss, Florian A. Siebzehnrubl, and Ben 

Newland. Vor�oxe�ne: a poten�al drug for repurposing for glioblastoma treatment via a 

microsphere local delivery system, ACS Biomaterials Science & Engineering (PMID: 40167528). 
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1. Introduction 

Glioblastoma (GBM) is the most malignant primary brain cancer, associated with poor clinical 

outcomes and high mortality.(1) The median survival �me a�er the first diagnosis is less than two 

years.(300, 301) The standard of care, established in 2005, is s�ll the rou�ne treatment for GBM 

and includes maximal safe resec�on (when possible/prac�cal) followed by radiotherapy plus 

adjuvant temozolomide chemotherapy.(11) However, half of GBM pa�ents are resistant to 

temozolomide which has been linked to promoter methyla�on of O6-methylguanine-DNA 

methyltransferase (MGMT), a DNA damage repair protein.(302) Bevacizumab was approved by the 

Food and Drug Administra�on (FDA) to treat recurrent GBM but has thus far failed to show a 

benefit in the overall survival �me.(303, 304) Lomus�ne, an alterna�ve chemotherapeu�c has also 

not shown significant advantages over temozolomide when the drug was used alone in a 

randomized controlled trial.(305-307) There is therefore an urgent need to find effec�ve, safe, and 

long-las�ng therapeu�c agents for GBM.  

At present, synthesizing novel ac�ve ingredients is becoming increasingly challenging. The burden 

of investment to find the next genera�on of chemotherapeu�cs is growing, fuelling the ra�onale 

for drug repurposing approaches.(104) By repurposing or reposi�oning exis�ng drugs for new 

indica�ons, the �me and money invested per successful outcome can poten�ally be reduced.(105) 

There are dozens of FDA-approved drugs that have proven ac�vity in GBM models, with some of 

them being tested in clinical trials.(110-113)  

Recently, Sohyon Lee et al. screened 67 repurposed neuroac�ve drugs in 27 ex vivo GBM pa�ent 

samples.(118) The resul�ng pharmacoscopy score, which was quan�fied by measuring the changes 

in cell popula�on frac�on, showed vor�oxe�ne scored highest, and had a high specificity for killing 

inter-tumour and intra-tumour heterogeneous GBM cells. In addi�on, vor�oxe�ne also gave a 

significant survival benefit in comparison to the vehicle control in an orthotopic xenogra� GBM 

mouse model and a comparable survival benefit to temozolomide treatment. Vor�oxe�ne is a 5-

hydroxytryptamine receptor antagonist to treat major depressive disorder, approved by the FDA in 

2013.(308) It has a high frac�on of plasma protein binding, with 99% of the drug being protein-

bound, sugges�ng limited free drug availability for a therapeu�c effect.(309) With litle else known 

about its poten�al as a GBM therapeu�c, I hypothesized that local delivery to the tumour may 

increase its an�-tumour efficacy. 
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Since surgical resec�on of the tumour is applicable to most GBM pa�ents, local delivery into the 

resec�on cavity is an atrac�ve strategy to circumvent the blood-brain barrier (BBB), achieve high 

drug concentra�ons at the residual tumour site, and reduce systemic side effects. The Gliadel® 

wafer is the only FDA-approved local treatment drug for GBM. However, the survival benefit for 

pa�ents treated with Gliadel® has been modest.(48) A systema�c review revealed that the median 

overall survival of pa�ents that received Gliadel® plus radiotherapy and TMZ was 18.2 months,(52) 

compared to 14.6 months a�er the standard of care.(11) Addi�onally, the large s�ff wafer needs a 

gross tumour debulking to get enough space for the implanta�on and has been associated with 

side effects occurring when dislodged.(206, 310) Injectable drug delivery systems offer addi�onal 

flexibility in terms of applica�on, either through use in uneven/small cavi�es, or via means such as 

convec�on-enhanced delivery to otherwise inoperable tumours.(311) Much research has focused 

on the development of hydrogel, nanopar�cle, and micropar�cle delivery systems,(56) but the goal 

of a non-toxic, well-defined, and reproducible drug delivery system, suitable for regulatory 

approval with a slow drug release profile has thus far remained elusive.(312) 

Microspheres, which are defined as par�cles with a size range between 1 and 1000 μm, can 

encapsulate drugs within their homogeneous matrix as single molecules or small clusters.(313) 

Microspheres smaller than 250 μm can be considered as injectable prepara�ons depending on the 

cannula used.(314) Poly(D,L-lac�de-co-glycolide) (PLGA) is a biocompa�ble and biodegradable 

lac�c acid and glycolic acid copolymer approved by the FDA for clinical use.(315) PLGA was chosen 

over other polymers for simplicity in design with the controllable degrada�on proper�es and good 

solubility in numerous organic solvents, making it an atrac�ve star�ng point for delivery system 

synthesis.(316)  

Many methods can be used to prepare PLGA microspheres, including double or mul�ple emulsion 

solvent evapora�on,(317, 318) cryogenic solvent extrac�on,(319) cataly�c hydrolysis solvent 

removal,(320) non-solvent addi�on,(321) spray-drying,(322) supercri�cal fluids,(323) and 

membrane emulsifica�on.(324) However, the size distribu�on of PLGA microspheres is typically 

very poor. For example, the commonly used emulsion solvent evapora�on method, relies upon 

nonuniform mechanical forces to create droplets, resul�ng in high size dispersity.(325) 

Polydispersity reduces reproducibility and introduces varia�on as par�cle size affects factors such 

as drug release and degrada�on rate. Factors such as the drug molecular distribu�on in the 

microspheres, surface area to volume ra�o, and porosity, all affect polymer hydrolysis and drug 

dissolu�on.(326, 327) Tight control over these factors is essen�al for producing reproducibly 
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efficacious and regulatory-approved therapeu�cs. A new approach to prepare monodisperse PLGA 

microspheres with a smooth surface (low porosity) and a regular round shape is therefore 

desirable. 

Aims: 

In this chapter, I aimed to validate vor�oxe�ne as an an�-glioblastoma therapeu�c, and to 

combine droplet-based microfluidics with a new emulsion formula, to create vor�oxe�ne-loaded, 

monodispersed PLGA microspheres as a locally administered sustained therapeu�c for GBM. 

Herein, free vor�oxe�ne showed more toxicity towards pa�ent-derived GBM cell lines than to 

primary human astrocytes, indica�ng a poten�al therapeu�c window minimizing the side effects to 

healthy cells. Then a water-free oil-in-oil (O/O) emulsion was created in a microfluidic device to 

prepare empty and vor�oxe�ne-loaded microspheres (termed vor�oxe�ne microspheres) with 

high reproducibility and monodispersity. The cytocompa�bility of the empty PLGA microspheres 

was demonstrated in vitro on primary human astrocytes, and sustained drug release from 

vor�oxe�ne microspheres effec�vely killed pa�ent-derived GBM cells both in 2D culture and in 3D 

tumour spheroids. 

2. Materials and methods 

2.1 Chemicals and materials 

The chemicals and materials used in this chapter are shown in Table 4-1. Chemicals were used 

without any further purifica�on. Table 4-2 shows the equipment used in this chapter. 

Table 4-1 List of chemicals and materials 

Chemicals and Materials Company Catalog number 
Resomer® RG 752 H, PLGA (L:G 75:25, Mw: 4,000-15,000) Sigma 719919 
Vor�oxe�ne TargetMol ABIN6574672 
HFE-7500 engineered fluid 3M 7100025016 
008 Flouro Surfactant RAN Biotechnologies 038-074 
1H,1H,2H,2H-perfluoro-1-octanol (PFO) Sigma 370533 
Dimethyl sulfoxide (DMSO) Sigma D2650 
Acetonitrile Fisher Chemical A/0632/PB15 
Phosphate-buffered saline (PBS) Gibco 10010023 
Eosin Y Sigma E6003 
Sodium acetate trihydrate Sigma 32318 
Ace�c acid Sigma 27225 
Water with 0.1% Formic Acid (v/v) Fisher Scien�fic 10229884 
Acetonitrile with 0.1% Formic Acid (v/v) Fisher Scien�fic 10678935 
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Table 4-2 List of equipment 

Equipment Company Catalog number 
Microfluidic pump Imprint Landgraf Laborsysteme 

HLL GmbH 
LA30 

Vacuum oven Gallenkamp OVL-570-010J 
Microscope Primovert Zeiss 491206-0002-000 
High-speed camera Phantom C110 
InfiniteRX plate reader Tecan  
Orbital Shanker-incubator Grant-bio  
ACQUITY UPLC System Waters  
IRSpirit Shimadzu  
Zeiss Sigam HD Field Emission Gun Scanning 
Electron Microscope 

Zeiss  

 

2.2 Preparation of PLGA microspheres 

A droplet-based microfluidics technique was used to create PLGA microspheres. A cross-junc�on 

configura�on microfluidic chip with 80 μm nozzle size was used (Microfluidic chip Fluidic 440, 

microfluidic ChipShop, Germany). The con�nuous phase contained 2% 008 Fluoro Surfactant in 

HFE-7500 oil. 100 mg/mL PLGA and 10 mg/mL vor�oxe�ne were dissolved in acetonitrile as the 

disperse phase. To prepare empty PLGA microspheres, the dispersed phase contained 100 mg/mL 

PLGA only. The flow rate of the con�nuous phase and the disperse phase was set at 900 μL/h and 

150 μL/h, respec�vely (driven by LA30 syringe pump, Imprint Landgraf Laborsysteme HLL GmbH, 

Germany). An inverted microscope (491206-0002-000, Zeiss, Germany) with a high-speed camera 

(C110, Vision Research Ltd., UK) was used to monitor the droplet genera�on. A�er the droplet 

genera�on was stable, droplets were collected in 2 mL centrifuge tubes. To purify PLGA 

microspheres, droplets were dried in a vacuum oven (OVL-570-010J, Gallenkamp, UK) at room 

temperature for 3 hours to remove the acetonitrile. The HFE oil was aspirated from the botom of 

the tube. Microspheres were washed three �mes using 100 μL 20% (v/v) PFO in HFE and three 

�mes with 200 μL HFE oil. PLGA microspheres were dried in a vacuum oven at room temperature 

overnight to remove the remaining HFE oil. 

2.3 Morphological characterization of PLGA microspheres 

2.3.1 Bright field microscope images 

Three batches of vor�oxe�ne microspheres were prepared to evaluate reproducibility. Dried 

microspheres were resuspended in PBS. The size of 300 microspheres was analysed for each batch. 

The size of microspheres was measured by the par�cle analysis func�on in ImageJ, and the 

diameter of microspheres was calculated by the circle area formula. 
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2.3.2 Scanning electron microscope (SEM) 

The morphology of microspheres was visualized by Zeiss Sigam HD Field Emission Gun Scanning 

Electron Microscope (Zeiss, Germany). To prepare the samples, microspheres were coated by AuPd 

using a BIO-RAD SC500 sputer coater (Quorum Technologies, UK). The microspheres were 

uniformly covered with a thick layer of AuPd around 10-20 nm. A beam energy of 5 kV with a 30 

μm diameter final aperture was used and microspheres were imaged via an Everhart-Thornley 

detector. 

2.4 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectra of PLGA, free vor�oxe�ne, and vor�oxe�ne microspheres were scanned by the 

IRSpirit FTIR Spectrometer (Shimadzu Co., Ltd, Japan) using dried power samples directly. The 

background signal was scanned before running each sample to subtract any residual peaks from 

the instrument and the environment. FTIR spectra were scanned by transmitance mode from 500 

cm-1 to 3500 cm-1 with a resolu�on of 0.9. 

2.5 Analysis of drug loading efficiency 

Ultra-performance liquid chromatography (ACQUITY UPLC System, Waters, USA) was used to 

detect the vor�oxe�ne for the drug loading efficiency study. A photo diode array (PDA) detector 

was used and the PDA spectrum between 253 and 600 nm was used to quan�fy the concentra�on 

of the drug. The mass spectrometry detector was used to confirm the peak in the PDA spectrum 

belonging to vor�oxe�ne. The calibra�on curve was built by preparing 1, 2, 4, 6, 8, and 10 μg/mL 

drug solu�ons. To inves�gate the loading efficiency, vor�oxe�ne microspheres with five different 

weight ra�os of drug to PLGA (1:2, 1:3, 1:4, 1:5, and 1:10) were prepared. The drug concentra�on 

in the dispersed phase was kept constant at 10 mg/mL, and the weight ra�o was changed by 

adjus�ng the PLGA concentra�on in the dispersed phase. 1 mg of vor�oxe�ne microspheres were 

weighed and dissolved in 1 mL acetonitrile and diluted to a suitable concentra�on within the linear 

range of the calibra�on curve. The drug loading efficiency was calculated by the following 

equa�on: 

% 𝑟𝑟𝑜𝑜 𝑠𝑠𝑟𝑟𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑎𝑎 𝑎𝑎𝑜𝑜𝑜𝑜𝑠𝑠𝑐𝑐𝑠𝑠𝑎𝑎𝑎𝑎𝑐𝑐𝑒𝑒 = 𝑐𝑐2/𝑐𝑐1 ∗ 100% 

Equa�on 4-1. Where c1 was the theore�cal drug concentra�on in the samples. c2 was the actual 

concentra�on in the samples. 
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2.6 Evaluation of in vitro drug release profiles 

Pure PBS was used as the release medium to mimic physiological condi�ons. Vor�oxe�ne 

microspheres (1:10 weight ra�o of drug to PLGA) containing 50, 100, 300, or 500 µg drug were 

incubated in the incubator (Orbital Shanker-incubator, Grant-bio, UK) at 37°C with gentle shaking at 

80 rpm. At each �me-point, a�er centrifuga�on, 900 µL of supernatant was removed and stored, 

and replaced with fresh release medium. Microspheres were resuspended by vortex mixing. The 

samples were stored at -20°C for further inves�ga�on. At the end of the experiment, the 

concentra�on of drugs in all samples was detected by a fluorescence quenching method.(228) 

Briefly, 300 μL samples, 300 μL 0.15 mg/mL eosin Y, and 300 μL 0.2M ace�c acid buffer at pH 3.7 

were added into one 2 mL Eppendorf tube and mixed well by vortex mixer. The fluorescence 

intensity of eosin Y was read using excita�on and emission wavelengths of 306 and 539 nm 

respec�vely. The calibra�on curve method was used to quan�fy the drug concentra�on (linear 

range 0.4 to 8 μg/mL). The cumula�ve amount of released drug could be calculated by the 

following equa�on. 

𝑡𝑡𝑇𝑇 = �

𝑐𝑐𝑇𝑇 ∗ 𝑉𝑉𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶                              (𝑎𝑎 = 1)

𝑐𝑐𝑇𝑇 ∗ 𝑉𝑉𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶 +  𝑉𝑉𝑅𝑅𝑇𝑇𝑅𝑅𝐶𝐶𝑇𝑇𝑅𝑅𝑇𝑇𝑅𝑅 ∗� 𝑐𝑐𝑖𝑖

𝑇𝑇−1

𝑖𝑖=1

  (𝑎𝑎 > 1) 

Equa�on 4-2: where mn is the cumula�ve release amount of the nth �me point (µg). cn is the drug 

concentra�on of the nth �me point (µg/mL). VTotal is the total volume of the release medium. 

VReplaced is the volume of the replaced release medium at each �me point. 

2.7 Cell culture 

Pa�ent-derived GBM stem cell lines (hGBM L0, L1, and L2) and primary human astrocytes were 

cultured and maintained as described in Chapter 2 sec�on 2.9. 

2.8 Cytocompatibility of empty PLGA microspheres 

The cytocompa�bility of empty PLGA microspheres was evaluated using primary human 

astrocytes. Cells were seeded in poly-L-lysine coated 48-well plates (Costar, 3548) at a density of 

4,800 cells/well. A�er one day of incuba�on, empty PLGA microspheres were added to get a final 

concentra�on of 100 µg/mL. Images of cells were taken via a microscope camera (A35180U3, 

OMAX Microscope, South Korea) and the cell viability was tested using the PrestoBlue assay 1, 4, 

and 7 days a�er adding PLGA microspheres and normalizing to untreated control cells (background 

fluorescence was subtracted from experimental wells). Cells were incubated in PrestoBlue for 2 
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hours and the fluorescence intensity was read with an excita�on wavelength of 560 nm and an 

emission wavelength of 590 nm by the botom reading model.(233) 

2.9 Cytotoxicity of free vortioxetine 

To inves�gate the cytotoxicity of free vor�oxe�ne, primary human astrocytes were plated in poly-L-

lysine coated 96-well plates (Costar, 3595) at a density of 1,600 cells/well, and hGBM cell lines 

were plated in Geltrex coated 96-well plates at a density of 5,000 cells/well. A�er one day of 

incuba�on, vor�oxe�ne solu�on was added, which was prepared by serial dilu�on from 5 mg/mL 

stock solu�on in pure DMSO using complete culture medium. The cell viability was tested using the 

PrestoBlue assay 1, 4, and 7 days a�er adding the drugs to the cells. 

2.10 Antitumor efficacy of vortioxetine microspheres in 2D cell culture models 

The hGBM L0, L1, and L2 cells were cultured in Geltrex-coated 48-well plates as adherent cells to 

inves�gate the in vitro an�tumor efficacy. Cells at a density of 15,000 cells/well were cultured for 

one day, and then drugs were added to get a final concentra�on of 100 µg/mL for empty PLGA 

microspheres control; 0.625, 1.25, 2.5, 5, and 10 µg/mL for vor�oxe�ne microspheres; and 1.25 

µg/mL for the free drug control. 1, 4, or 7 days a�er adding the microspheres/drug, the cells were 

imaged, and the cell viability was analysed using the PrestoBlue assay. 

2.11 Analyzing the efficacy of vortioxetine microspheres against 3D GBM spheroids 

Ultra-low atachment 96-well plates (Costar, 7007) were used to establish the 3D spheroid model. 

Briefly, hGBM L0 and L2 cells were seeded at a density of 1,000 cells/well. Well plates were 

centrifuged at 300 g for 5 minutes. The spheroids were incubated for 4 days before adding the 

experimental groups, and then treated with 1.25, 2.5, 5, 10 µg/mL vor�oxe�ne microspheres or 

1.25 µg/mL of free drug. Images of spheroids were taken on Day 4, 5, 6, 7, 8, 11, 13, 15, and 18. 

The size of the spheroids was measured using ImageJ. On Day 5, 8, 11, and 18, addi�onal cultures 

of the spheroids were incubated with PrestoBlue for 3 hours before reading the fluorescence 

intensity. To inves�gate the efficacy of vor�oxe�ne microspheres against larger, pre-established 

spheroids, hGBM L0 and L2 spheroids were cultured for 7 days before adding the experimental 

groups. The size of the spheroids was monitored on Day 7, 8, 10, 12, 14, and 16, and the cell 

viability was evaluated on Day 12 and 16. 

2.12 Statistical analysis 

Sta�s�cal analysis was conducted as described in Chapter 2 Sec�on 2.16. 
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3. Results and Discussion 

3.1 Preparation and characterization of PLGA microspheres 

At present, emulsion-solvent evapora�on s�ll dominates the prepara�on of PLGA microspheres 

either in laboratories or in commercial products. A single oil-in-water (O/W) emulsion is commonly 

used to encapsulate hydrophobic drugs in PLGA,(317) while hydrophilic drugs including proteins 

loaded into PLGA microspheres are usually prepared by a water-in-oil-in-water (W/O/W) double 

emulsion.(328) Although rela�vely good control of size distribu�on has been achieved, it is s�ll 

challenging to produce high consistency in product sizes. Many factors can affect the produc�on of 

PLGA microspheres by these methods, including physical parameters such as s�rring rate and 

volume ra�o of two phases, physicochemical parameters such as viscosity and density, and 

chemical parameters such as surfactant and solvent.(329) Droplet-based microfluidics is an 

emerging technology to prepare microspheres.(330-332) The genera�on of the droplets can be 

monitored in real-�me, and the size and the morphology of microspheres can be precisely 

controlled by the geometry of the microfluidic device, flow rate ra�o, and viscosity of the two 

phases. One of the drawbacks of microfluidics is the low produc�on efficiency. Using mul�ple 

devices or mul�ple microchannel devices is a simple way to increase produc�on efficiency.(333) 

However, a typical PLGA microsphere synthesis protocol using organic solvents such as 

dichloromethane is unsuitable for adapta�on to use in a commonly used microfluidic device made 

from polydimethylsiloxane (PDMS). The solvent can cause the PDMS to swell, thus changing 

channel dimensions if not ruining the device. Glass microfluidic devices could poten�ally be used, 

but at a high cost, further hampering scale-up for produc�on. 

Cyclic olefin copolymers (COC) are a novel class of polymeric materials. The strengths of COC 

include high transparency, rigidity, strength, hardness, biocompa�bility, and very good resistance 

to acids, alkalis, and polar solvents.(190) We therefore used microfluidic chips made from COCs to 

prepare PLGA microspheres. However, these are s�ll not resistant to dichloromethane, so another 

solvent with a low boiling point (for ease of removal post-synthesis) was sought for use with the 

devices. The requirements to prepare PLGA microspheres by microfluidics included 1) two 

immiscible solvents; 2) devices resistant to both solvents; 3) a solvent with high solubility of PLGA 

and the drug; 4) a suitable method to remove the dispersed phase solvent; 5) a suitable surfactant 

to be dissolved in either of these two solvents. In our previous research, HFE-7500 oil was used as 

the con�nuous phase solvent to prepare W/O emulsion by COC microfluidics chips.(278) 
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Meanwhile, 008 Fluoro Surfactant was the corresponding surfactant soluble in the HFE oil for 

emulsion prepara�on. To use this combina�on as the con�nuous phase, we needed another 

solvent for the dispersed phase that would be immiscible with HFE but not affect COC yet have 

high solubility of PLGA and the drug. We found that acetonitrile could meet all these requirements. 

The solubility of PLGA and vor�oxe�ne in the acetonitrile was more than 100 mg/mL and 10 

mg/mL, respec�vely. Using a high concentra�on of PLGA could increase produc�on efficiency, 

reduce the extent of shape deforma�on, and ensure good drug distribu�on. The high drug 

solubility could keep the drug ra�o in the microspheres at a high level when using a high 

concentra�on of PLGA. The latent heat of vaporiza�on of HFE and acetonitrile is stated as 88.5 and 

729 kJ/kg, and the densi�es are 1614 and 786 kg/m3, respec�vely (manufacturers informa�on). 

Although HFE evaporates faster than acetonitrile, the acetonitrile is in the upper layer when mixed 

with HFE, meaning the acetonitrile could be evaporated before the HFE. The evapora�on order of 

solvents was cri�cal because the droplets needed to be solidified whilst an emulsion was in the 

con�nuous phase. 

In order to achieve monodisperse droplets via microfluidics (Figure 4-1 (A)), a dripping regime was 

used as shown in Figure 4-1 (B).(334, 335) The high viscosity of the dispersed phase when using 

high molecular weight PLGA led to unstable droplet genera�on (Figure 4-2), so PLGA (L:G 75:25) of 

molecular weight 4,000-15,000 Da was used. The schema�c diagram (Figure 4-1 (C)) depicts the 

structure of the droplets. The perfluoropolyether/poly (ethylene glycol) (PFPE-PEG-PFPE) triblock 

copolymer surfactant gave remarkable stability to the formed droplets allowing ease of handling 

during purifica�on etc. Furthermore, it was removed easily due to its high solubility in the PFO. The 

procedure for solidifica�on of the droplets and the purifica�on of PLGA microspheres is shown in 

Figure 4-1 (D). Figure 4-1 (E) and (F) show the morphology of the droplets and the purified 

vor�oxe�ne microspheres that were resuspended in PBS. The size of the vor�oxe�ne microspheres 

was slightly decreased compared to the droplets due to the evapora�on of acetonitrile. SEM 

images (Figure 4-1 (G)) show that microspheres were a regular spherical shape with a smooth 

surface. Three batches of vor�oxe�ne microspheres were prepared to evaluate reproducibility. All 

batches of microspheres had a similar size with a narrow size distribu�on (Batch 1: 36.80 ± 1.96 

μm, batch 2: 35.41 ± 1.05 μm, batch 3: 34.49 ± 2.15 μm; n=300 for each batch; Figure 4-1 (H)). 

Empty PLGA microspheres were also prepared by keeping the concentra�on of PLGA constant. The 

size of empty PLGA microspheres was 33.44 ± 1.86 μm (n=300), slightly smaller than vor�oxe�ne 

microspheres (The size distribu�on of empty PLGA microspheres is shown in Figure 4-3). 
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Figure 4-1 Prepara�on and characteriza�on of vor�oxe�ne microspheres. 

(A) Schema�c diagram showed the prepara�on of O/O (acetonitrile in HFE oil) emulsion by 

microfluidic techniques. (B) A photo showed the droplet genera�on as a dripping regime at the 

crossing junc�on. (C) The structure of the droplets. (D) The schema�c diagram shows the 

procedure of the purifica�on. Droplets were solidified by evapora�ng acetonitrile. Fluoro 

Surfactant was removed by PFO. Dry powder microspheres were produced a�er the HFE oil was 

evaporated. Representa�ve bright field microscope images of (E) droplets and (F) vor�oxe�ne 

microspheres a�er purifica�on. (G) SEM pictures and a component of the zoomed-in por�on of 

vor�oxe�ne microspheres. (H) showed the size distribu�on of vor�oxe�ne microspheres from 

three batches (n=300 per batch). Figure (A), (C), and (D) were generated with Biorender.com. 
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Figure 4-2 The droplet genera�on was unstable when using higher molecular weight PLGA 

(molecular weight range: 76,000-115,000) at a concentra�on of 100 μg/mL. 

The dripping regime would switch to the threading regime. 

 

Figure 4-3 The size distribu�on of empty PLGA microspheres (n=300). 

Figure 4-4 (A) shows the FTIR spectra of PLGA, vor�oxe�ne, vor�oxe�ne microspheres, and the 

physical mixture of vor�oxe�ne and PLGA. The peaks of vor�oxe�ne microspheres and the physical 

mixture did not change in comparison to the PLGA material, indica�ng no chemical interac�ons 

between vor�oxe�ne and PLGA. The propor�on of vor�oxe�ne in the physical mixture affected the 
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intensity of the signature peaks of vor�oxe�ne (Figure 4-4 (B)). The characteris�c peaks of 

vor�oxe�ne related to N-H stretching at 3240 cm-1, =C-H stretching in aroma�c at 3050 cm-1, and 

C=C stretching in an aroma�c ring at 1580, and 1470 cm-1 presented in the 1:1 weight ra�o physical 

mixture without shi�s, further confirming no chemical interac�ons.  

 

Figure 4-4 FTIR spectra of vor�oxe�ne microspheres, a physical mixture of PLGA and 

vor�oxe�ne, PLGA materials, and drug powder. 

(A) shows the FTIR spectra of vor�oxe�ne microspheres and a physical mixture with the same 

weight ra�o. (B) shows the effect of the vor�oxe�ne propor�on in the physical mixture on the 

intensity of peaks, showing a large reduc�on in the peaks when only a small amount of the drug is 

present. 

3.3 High vortioxetine loading efficiency is achieved in microspheres 

To inves�gate the drug loading efficiency, vor�oxe�ne microspheres with different weight ra�os of 

drugs to PLGA were prepared. As shown in Figure 4-5 (A), a 1:10 drug-to-polymer ra�o showed the 

highest loading efficiency, with 90.06% ± 8.27% (n=3) of the drug being entrapped in the 

microspheres. As expected, the loading efficiency decreased when the ra�o of drug to PLGA 
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increased, as drug molecules might leak from the droplets during solidifica�on due to the reduced 

PLGA concentra�on. Therefore, a 1:10 ra�o was used for the subsequent experiments (the 

percentage of drug loading: 9.1% (wt/wt)). 

 

Figure 4-5 High drug loading efficiency and sustained drug release can be achieved with 

vor�oxe�ne microspheres. 

(A) shows the drug loading efficiency of vor�oxe�ne microspheres at various weight ra�os of drug 

to PLGA (n=3, error bars represent the mean ± SD). (B) and (C) show the amount and the weight 

percentage of cumula�ve drug release over �me from the vor�oxe�ne microspheres (1:10 weight 

ra�o) (n=4, error bars represent the mean ± SD). The legend shows the amount of vor�oxe�ne in 

release samples. Abbrevia�on: VOR: vor�oxe�ne. 

3.4 Vortioxetine is sustained released from the microspheres 

The drug release study was conducted in pure PBS medium. As shown in Figure 4-5 (B) and (C), 

vor�oxe�ne microspheres did not show a burst release and could sustain drug release for more 

than one month. Samples with 300 and 500 μg of drug had an obvious bi-phasic drug release 

patern, whilst 50 and 100 μg samples did not show a significant increase in release rate during the 

experiment. The drug release rate was nearly zero-order kine�cs for the first phase. The release 

rate of the 300 and 500 μg samples increased between Day 27-31 and Day 20-27, respec�vely. 

Large microspheres usually have a tri-phase release profile.(336) The drug trapped on or close to 

the surface of the microspheres is released in the ini�al burst release.(337) PLGA microspheres 

with high porosity at the surface have previously exhibited a burst release patern.(338) The 

sigmoidal shape of the drug release patern was likely due to the degrada�on/erosion of PLGA, 

crea�ng pores from which encapsulated drugs are released by diffusion. The absence of a burst 

release in these studies may be due to an even drug distribu�on in the polymer network and a 

smooth/low porosity surface for degrada�on/erosion to occur.  
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3.5 Cytocompatibility of empty microspheres 

Astrocytes were used to evaluate the cytocompa�bility of empty PLGA microspheres for their high 

prevalence and key support role in the central nervous system. 100 μg/mL empty PLGA 

microspheres were incubated with human astrocytes (hAstrocytes), to match the highest 

concentra�on of vor�oxe�ne microspheres used in subsequent experiments. As shown in Figure 4-

6 (A), no changes in the morphology of hAstrocytes were observed when incubated with the 

microspheres, nor any reduc�on in viability at either Day 1, 4, or 7 (Figure 4-6 (B)). These results 

indicate that the new prepara�on method for PLGA microspheres does not incorporate any toxic 

compounds into the final product. 

 

Figure 4-6 Empty PLGA microspheres cause no toxicity to primary human astrocytes. 

(A) shows representa�ve images of human astrocytes incubated with or without 100 μg/mL empty 

PLGA microspheres. Empty PLGA microspheres were added on Day 1. The dark circular shapes are 
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the microspheres. Images were taken on Day 2, 5, and 8(Scale bar = 200 μm). (B) shows the cell 

viability on Day 2, 5, and 8 (n=8, error bars represent the mean ± SD). Unpaired t-test Day 2 and 

Day 5, Welch’s t-test Day 8, ns = no significant difference. 

3.6 Cytotoxicity of free vortioxetine 

The cytotoxicity of free vor�oxe�ne was inves�gated on hAstrocytes and three pa�ent-derived 

GBM cells (hGBM L0, L1, L2). The differences of protein expression among these three GBM cell 

lines included only hGBM L1 expressing OLIG2 and CD44 and hGBM L2 not expressing TOP2A and 

NF1.(232) The cytotoxicity of the vector was checked, and the results showed the cell viability was 

not affected (Figure 4-7). As shown in Figure 4-8, vor�oxe�ne exhibited a �me-dependent and 

dose-dependent toxicity. The IC50 values on all hGBM cell lines were around 1 μg/mL on Day 1 

(Table 4-3). On Day 5, hGBM L2 was the most sensi�ve hGBM cell line to vor�oxe�ne, whilst hGBM 

L0 was the most resistant cell line. However, the IC50 value of hAstrocytes was doubled even 

compared to hGBM L0 (1.48 μg/mL vs 0.75 μg/mL), which meant that there was poten�ally a 

decent therapeu�c window to minimize the side effects to healthy/non-malignant cells. The IC50 

values of free temozolomide, the first line chemotherapeu�c in clinic for glioblastoma, on 

hAstrocytes and hGBM cell lines, were tens of �mes higher than that of the vor�oxe�ne (e.g., 

311.9 μg/mL on hAstrocytes and 23.09 μg/mL on hGBM L0 treated for 4 days; Figure 4-9, Table 4-

4). Although temozolomide also had a therapeu�c window, it was more toxic towards hAstrocytes 

on Day 8 compared to Day 5, indica�ng a delayed but substan�al toxicity towards hAstrocytes. 

 

Figure 4-7 The DMSO concentra�on used does not affect cell viability. 

0.2% (v/v) DMSO equalled the volume propor�on at 10 μg/mL free vor�oxe�ne diluted from the 

stock solu�on (5 mg/mL in pure DMSO). At this concentra�on, no significant reduc�on in the 
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viability of the three glioblastoma cell types and primary human astrocytes was observed (n=6, 

error bars represent the mean ± SD; unpaired t-test, ns = no significant difference). 

 

Figure 4-8 The dose-respond curves of free vor�oxe�ne. 

(A, B, and C): hGBM cell lines, (D): hAstrocytes (n=6, error bars represent the mean ± SD). 

Table 4-3 IC50 values of free vor�oxe�ne on hGBM cells and hAstrocytes (μg/mL) 

 hGBM L0 hGBM L1 hGBM L2 hAstrocytes 
 IC50 SD IC50 SD IC50 SD IC50 SD 
Day 2 1.02 0.08 1.06 0.05 1.25 0.03 2.41 0.07 
Day 5 0.75 0.13 0.62 0.03 0.39 0.02 1.48 0.08 
Day 8 0.77 0.18 0.65 0.02 0.47 0.02 1.44 0.08 

 

 

Figure 4-9 The dose-respond curves of free temozolomide. 

(A, B, and C): hGBM cell lines, (D): hAstrocytes (n=6, error bars represent the mean ± SD). 

Table 4-4 IC50 values of free temozolomide on hGBM cells and hAstrocytes (μg/mL) 

 hGBM L0 hGBM L1 hGBM L2 hAstrocytes 
 IC50 SD IC50 SD IC50 SD IC50 SD 
Day 2 198.8 42.06 71.37 4.39 89.34 5.55 853.1 613.8 
Day 5 23.09 2.67 18.21 1.81 26.78 1.58 311.9 116.0 
Day 8 7.82 1.55 28.24 1.12 32.33 0.95 59.19 13.80 

 

Previous research showed that the IC50 value of vor�oxe�ne on the LN-229 GBM cell line was 

around 5 μM (1.5 μg/mL) and around 20 μM (6.0 μg/mL) for the ZH-161 cell line a�er 48 h 

treatment.(118) The in vivo dosage for these two types of tumour models was 10 mg/kg via 

intraperitoneal administra�on, which showed significant survival benefit compared to the nega�ve 
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control. Based on the IC50 value on hGBM cell lines, the growth of these tumour models in animal 

studies should be effec�vely suppressed by vor�oxe�ne.  

3.7 Anti-GBM efficacy of vortioxetine microspheres 

Geltrex basement membrane matrix was used to culture hGBM cell lines as adherent cells to 

inves�gate the in vitro an�tumor efficacy of vor�oxe�ne microspheres in 2D models. As shown in 

Figure 4-10, 4-11, and 4-12, empty PLGA microspheres did not reduce the viability of hGBM cells 

a�er 7 days of incuba�on (hGBM L0: 98.78% ± 7.86%; hGBM L1: 99.51% ± 2.38%; hGBM L2: 

97.80% ± 5.55%; n=5 for each cell line). 1.25 μg/mL free drug killed nearly all tumour cells a�er 

one day of incuba�on (hGBM L0: 5.28% ± 0.36%; hGBM L1: 12.15% ± 3.73%; hGBM L2: 1.68% ± 

0.17%; n=4 for each cell line). Vor�oxe�ne microspheres showed a �me- and dose-dependent 

efficacy. Compared with cells treated with 1.25 μg/mL free drug, the cell viability of 10 μg/mL 

vor�oxe�ne microspheres on Day 2 (hGBM L0: 76.97% ± 10.54%; hGBM L1: 86.34% ± 10.08%; 

hGBM L2: 65.17% ± 16.89%; n=5 for each cell line) was significantly higher, which confirmed that 

microspheres did not exhibit a burst release of the drug. The sensi�vity of three hGBM cell lines to 

vor�oxe�ne also matched with the previous IC50 experiment (Figure 4-8). This can be concluded 

because the drug release data showed about 6%, 15% and 20% payload release a�er 1, 4, and 7 

days of the incuba�on, respec�vely which fits with the microsphere efficacy data (Figure 4-10, 4-

11, and 4-12) and with the dose-response curve of free vor�oxe�ne (Figure 4-8). The cytotoxicity 

of vor�oxe�ne microspheres was also evaluated on hAstrocytes (Figure 4-13). The cell viability was 

58.63% ± 11.53% (n=5) a�er being treated with 10 μg/mL vor�oxe�ne microspheres for 7 days, 

which was much higher than that of hGBM cell lines. 5 μg/mL vor�oxe�ne microspheres did not 

significantly reduce the cell viability of hAstrocytes (87.50% ± 7.51%, n=5) compared to the 

nega�ve control (p=0.1831) on Day 8, but this concentra�on was not enough to kill the resistant 

tumour cells such as hGBM L0. So, 5-10 μg/mL is the op�mal dose range for vor�oxe�ne 

microspheres to eradicate GBM cells, depending on the resistance of the cell lines. 
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Figure 4-10 Vor�oxe�ne microspheres reduce the viability of hGBM L0 cells. 

(A) shows representa�ve bright field images of hGBM L0 cells incubated with culture medium only, 

empty PLGA microspheres 100 μg/mL, vor�oxe�ne microspheres 10 or 0.625 μg/mL and free 

vor�oxe�ne 1.25 μg/mL. PLGA microspheres were added on Day 1. Images were taken on Day 2, 5, 

and 8 (Scale bar = 200 μm). The dark circular shapes are the microspheres. (B) shows the cell 

viability on Day 2, 5, and 8 (Empty PLGA microspheres and vor�oxe�ne microspheres, n=5; cell 

only and free drug, n=4; mean ± SD). Ordinary one-way ANOVA test for all �me points, for ** 

p≤0.01, **** p≤0.001. Abbrevia�on: VOR: vor�oxe�ne. 
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Figure 4-11 Vor�oxe�ne microspheres reduce the viability of hGBM L1 cells. 

(A) shows representa�ve bright field images of hGBM L1 cells incubated with culture medium only, 

empty PLGA microspheres 100 μg/mL, vor�oxe�ne microspheres 10 or 0.625 μg/mL, and free 

vor�oxe�ne 1.25 μg/mL. PLGA microspheres were added on Day 1. Images were taken on Day 2, 5, 

and 8 (Scale bar = 200 μm). The dark circular shapes are the microspheres. (B) shows the cell 

viability on Day 2, 5, and 8 (Empty PLGA microspheres and vor�oxe�ne microspheres, n=5; cell 

only and free drug, n=4; mean ± SD). Ordinary one-way ANOVA test: Day 2 and Day 5, Welch 

ANOVA test: Day 8, for * p≤0.05, **** p≤0.001. Abbrevia�on: VOR: vor�oxe�ne. 
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Figure 4-12 Vor�oxe�ne microspheres reduce the viability of hGBM L2 cells. 

(A) shows representa�ve bright field images of hGBM L2 cells incubated with culture medium only, 

empty PLGA microspheres 100 μg/mL, vor�oxe�ne microspheres 10 or 0.625 μg/mL, and free 

vor�oxe�ne 1.25 μg/mL. PLGA microspheres were added on Day 1. Images were taken on Day 2, 5, 

and 8 (Scale bar = 200 μm). The dark circular shapes are the microspheres. (B) shows the cell 

viability on Day 2, 5, and 8 (Empty PLGA microspheres and vor�oxe�ne microspheres, n=5; cell 

only and free drug, n=4; mean ± SD). Ordinary one-way ANOVA test: Day 2 and Day 5, Welch 

ANOVA test: Day 8, for ** p≤0.01, **** p≤0.001. Abbrevia�on: VOR: vor�oxe�ne. 
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Figure 4-13 The cytotoxicity of vor�oxe�ne microspheres on primary human astrocytes. 

(A) shows representa�ve bright field images of primary human astrocytes during the treatment. 

(B) shows the cell viability on Day 2, Day 5 and Day 8 (Vor�oxe�ne microspheres, n=5; cell only and 

free drug, n=4; error bars represent the mean ± SD. Ordinary one-way ANOVA test: Day 2 and 

Day5, Welch ANOVA test: Day 7, for * p≤0.05, **** p≤0.001). PLGA microspheres were added on 

Day 1. Abbrevia�on: VOR: vor�oxe�ne. 

3.8 Vortioxetine microspheres effectively destroy the hGBM 3D tumour spheroids  

Monolayer cell cultures lack physiological relevance to the in vivo environment, perhaps 

contribu�ng to the high failure rate of drug candidates entering phase I trials.(296) 3D cell culture 

models have gained more atrac�on in drug discovery because they beter mimic the in vivo 

situa�on in terms of cell prolifera�on, cell-cell interac�on, and protein expression.(339) 3D 

cultured hepatocellular carcinoma cells showed organoid-like features which mimicked the in vivo 
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condi�ons of glandular epithelium, such as acinar morphogenesis and expression of progenitor cell 

markers.(340) Oskarsson et al. found that 3D tumour spheroids upregulated the expression of 

embryonic stem cell markers while they downregulated the expression of differen�a�on markers 

compared to monolayer cell culture, which suggested the correla�on to the in vivo 

microenvironment in stem cell niches.(341) 3D model also increased the expression of drug 

resistance-related genes.(342) Furthermore, 3D cell culture models showed an enhancement of 

GBM stemness and chemotherapy resistance compared to 2D cell culture models.(343) Ma et al. 

found that the gene expression of GBM cells drama�cally changed when comparing 2D and 3D cell 

culture models,(344) and indicated that a 3D cell culture model was a more relevant pla�orm for 

drug screening. We used round botom ultra-low atachment well plates to culture hGBM L0 and 

L2 as 3D spheroids via the forced floa�ng method.  

Figure 4-14 shows the representa�ve images of hGBM L2 spheroids cultured with 1.25 or 10 

μg/mL vor�oxe�ne microspheres, 1.25 μg/mL free drug or without treatment. The alive spheroids 

had a clear edge and became less transparent during the experiment. Dead spheroids lost cell 

atachments and broke off, resul�ng in a larger area of dead cells than the spheroid. Comparing 

the images on Day 4 and Day 6, the size of the PLGA microspheres grew through swelling in 

aqueous medium (the dark circles scatered throughout the image are the microspheres). The 

PLGA microspheres kept the integrated structure even a�er 14 days of incuba�on. Compared to 

the cell-only control, vor�oxe�ne microspheres suppressed the growth of cell spheroids in a dose-

dependent manner (Figure 4-15 (A), the size of cell spheroids on Day 18: cell-only control: 997,243 

± 20,954 μm2, n=6; 1.25 μg/mL vor�oxe�ne microspheres: 890,154 ± 207,720 μm2, n=8; 2.5 μg/mL 

vor�oxe�ne microspheres: 740,423 ± 108,214 μm2, n=8; 5 μg/mL vor�oxe�ne microspheres: 

371,084 ± 245,057 μm2, n=8; 10 μg/mL vor�oxe�ne microspheres: 106,660 ± 12,100 μm2, n=8; 

1.25 μg/mL free drug: 90,434 ± 38,988 μm2, n=6). 1.25 μg/mL vor�oxe�ne microspheres could not 

reduce the growth of cell spheroids during the 14-day period. However, when the concentra�on 

reached 2.5 μg/mL, cell spheroids were significantly smaller than the no treatment group. 5 μg/mL 

vor�oxe�ne microspheres killed 5 of 8 cell spheroids during the 14 days (Figure 4-15 (B)). 10 

μg/mL vor�oxe�ne microspheres resulted in complete destruc�on of all the spheroids a�er 4 days. 

Directly adding 1.25 μg/mL free vor�oxe�ne resulted in the rapid killing of the spheroids a�er only 

1 day (cell viability: 0.73% ± 0.21%, n=6). Together, these results confirm that vor�oxe�ne 

microspheres exhibited no ini�al burst release, which could have compromised their safety. 
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Figure 4-14 Vor�oxe�ne microspheres suppress the growth of hGBM L2 spheroids. 

Representa�ve bright field images of hGBM L2 3D spheroids incubated with culture medium only, 

vor�oxe�ne microspheres 10 or 1.25 μg/mL, and free vor�oxe�ne 1.25 μg/mL (Scale bar = 200 

μm). PLGA microspheres were added on Day 4 and can be seen as dark circular shapes. 

Abbrevia�on: VOR: vor�oxe�ne. 

 

Figure 4-15 Vor�oxe�ne microspheres reduce cell viability of hGBM L2 spheroids.  

(A) shows the size of hGBM L2 3D spheroids incubated with vor�oxe�ne microspheres (Cell only 

and free drug, n=6; vor�oxe�ne microspheres, n=8; mean ± SD). (B) shows the cell viability on Day 

5, 8, 11, and 18 (Cell only and free drug, n=6; vor�oxe�ne microspheres, n=8; mean ± SD). (A) Two-

way ANOVA test. The sta�s�cally significant difference compared to cell only. (B) Welch ANOVA 
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test. For ns = no significant difference, * p≤0.05, ** p≤0.01, **** p≤0.001 Abbrevia�on: VOR: 

vor�oxe�ne. 

Although the cell viability of cell spheroids cultured with 2.5 and 5 μg/mL vor�oxe�ne 

microspheres was not significantly different from the non-treatment group, these concentra�ons 

could effec�vely suppress the growth of hGBM cell spheroids. 5 μg/mL vor�oxe�ne microspheres 

significantly decreased the cell viability of hGBM L2 2D culture model by Day 8, but not in the 3D 

culture model indica�ng higher drug resistance in the 3D culture model. This could poten�ally be 

due to differences in cell prolifera�on, metabolism, and communica�on, between 2D and 3D 

cultures. In the most resistant hGBM L0 model, 10 μg/mL vor�oxe�ne microspheres killed the 

spheroids in the early stage of spheroid development with the dead cells separa�ng over a larger 

area than the viable spheroids, but 5 μg/mL vor�oxe�ne microspheres did not suppress the cell 

growth (Figure 4-16 and 4-17). Next, the efficacy of vor�oxe�ne microspheres against a grown 3D 

spheroid was evaluated by postponing the star�ng date of the treatment to Day 7. 10 μg/mL 

vor�oxe�ne microspheres significantly decreased the size of the hGBM L0 spheroids compared to 

the nega�ve control on Day 16 (932,034 ± 151,200 μm2 vs 1,269,770 ± 71,657μm2, n=8, Figure 4-18 

and 4-19). The no significant difference in the cell viability between the vor�oxe�ne microsphere 

treatment and control group on Day 16 (Figure 4-19 (C)) might be because of the limited 

penetra�on of the 3D spheroids for PrestoBlue reagent. Similar results were observed on hGBM L2 

spheroids (Figure 4-20 and 4-21). These results further proved the efficacy of vor�oxe�ne against 

GBM in all experimental parameters tested, providing a ra�onale for further analysis as a new 

therapeu�c strategy for glioblastoma. 
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Figure 4-16 Representa�ve bright field images of hGBM L0 3D spheroids during treatment with 

vor�oxe�ne-loaded spheres and free drug (Scale bar = 200 μm). 

PLGA microspheres were added on Day 4, and the high concentra�on resulted in a reduc�on in 

spheroid growth. Abbrevia�on: VOR: vor�oxe�ne. 

 

Figure 4-17 Vor�oxe�ne microspheres eradicate the more resistant hGBM L0 3D spheroids at the 

higher concentra�on. 

(A) shows the size of the hGBM L0 3D spheroids during the treatment (Cell only and free drug, n=6; 

vor�oxe�ne microspheres, n=8. Asterisks represent the sta�s�cally significant difference compared 

to cell only control on Day 18 (Two-way ANOVA test, for **** p≤0.0001). (B) shows the 
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corresponding cell viability at the end of the experiment (Welch ANOVA test). Abbrevia�on: VOR: 

vor�oxe�ne. Error bars represent the mean ± SD. 

 

Figure 4-18 Representa�ve bright field images show vor�oxe�ne microspheres against the pre-

established (grown) hGBM L0 3D spheroids (Scale bar = 200 μm). 

PLGA microspheres were added on Day 7. Abbrevia�on: VOR: vor�oxe�ne. 

 

Figure 4-19 Vor�oxe�ne microspheres reduce the size of the pre-established (grown) hGBM L0 

3D spheroids. 

(A) shows the size changes during the treatment. Asterisks represent the sta�s�cally significant on 

Day 16 (Two-way ANOVA test, cell only and vor�oxe�ne microspheres: n=8; free drug: n=5. (B) and 

(C) show the cell viability on Day 12 and Day 16, respec�vely. (B): Ordinary one-way ANOVA test. 

(C): Nonparametric Kruskal-Wallis test. For * p≤0.05, *** p≤0.001, **** p≤0.0001. PLGA 
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microspheres were added on Day 7. Abbrevia�on: VOR: vor�oxe�ne. Error bars represent the 

mean ± SD. 

 

Figure 4-20 Representa�ve bright field images show vor�oxe�ne microspheres against the pre-

established (grown) hGBM L2 3D spheroids (Scale bar = 200 μm). 

PLGA microspheres were added on Day 7. Abbrevia�on: VOR: vor�oxe�ne. 

 

Figure 4-21 Vor�oxe�ne microspheres reduce the size of the pre-established (grown) hGBM L2 

3D spheroids. 

(A) shows the size changes during the treatment. Asterisks represent the sta�s�cally significant on 

Day 16 (Two-way ANOVA test, cell only and vor�oxe�ne microspheres: n=8; free drug: n=5). (B) 

and (C) show the cell viability on Day 12 and Day 16, respec�vely. (B): Ordinary one-way ANOVA 
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test. (C): Nonparametric Kruskal-Wallis test. For * p≤0.05, **** p≤0.0001. PLGA microspheres were 

added on Day 7. Abbrevia�on: VOR: vor�oxe�ne. Error bars represent the mean ± SD. 

4. Conclusions 

In summary, we developed a new method to prepare PLGA microspheres by droplet-based 

microfluidics with a new oil-in-oil emulsion formula. Vor�oxe�ne, the drug proposed to be 

repurposed as a GBM therapy, was loaded into the PLGA microspheres with high loading efficiency. 

Drug release paterns showed that PLGA microspheres released drugs in a bi-phasic manner, and 

no ini�al burst release was observed. Drugs were released with near zero-order for around three 

weeks, followed by one week of faster degrada�on-controlled release. Empty PLGA microspheres 

exhibited good cytocompa�bility towards astrocytes. The IC50 value of the free vor�oxe�ne on 

astrocytes vs glioblastoma cells suggested that there is a therapeu�c window, minimizing the 

toxicity to healthy cells. Vor�oxe�ne microspheres showed efficacy against hGBM cells as 2D 

monolayer cell culture models and as a 3D spheroid cell culture model. The op�mal dose range for 

vor�oxe�ne microspheres is 5-10 μg/mL, depending on the therapeu�c resistance of the GBM 

cells. These results have shown that vor�oxe�ne could have therapeu�c poten�al for GBM and be 

delivered in a controlled and sustained manner from microspheres. 
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1. Summary discussion 

The overall objec�ve of this project was to develop local DDSs to treat GBM. We selected some 

repurposed drugs for GBM treatment because this strategy has the advantage of reducing drug 

development �me and investment, proven safety of drug candidates, and overcoming drug 

resistance.  

In the literature review, I systema�cally searched for publica�ons that researched the therapeu�c 

efficacy of DDS via direct intracranial injec�on using unresected GBM animal models. The results of 

the meta-analysis suggested a clear ra�onale to con�nue developing local DDS for GBM 

therapeu�cs in which the local treatment of DDSs prolonged the MS compared to the nega�ve 

control groups, local or systemic treatment of the free drug. Local treatment could enhance the 

therapeu�c efficacy by increasing the drug concentra�on at the tumour sites. However, these 

preclinical studies also have crucial flaws such as the lack of ac�vity of immune systems for 

immunodeficient animals, using unaggressive GBM cell lines, and rapid drug release profiles of 

DDSs. These might be the reasons for the clinical transla�on difficulty. Furthermore, the �me point 

of treatment, the drug dose, and the injec�on volume have a huge difference between animal 

studies and clinical studies. So, developing the GBM model mimicking the real nature of GBM and 

using mul�ple GBM models with different growth paterns is cri�cal to valida�ng the therapeu�c 

efficacy of the DDS. 

Up to now, Gliadel® is s�ll the only FDA-approved local DDS for GBM treatment. The drawbacks 

such as s�ff structure, rapid release, and using an alkyla�ng agent limit the therapeu�c 

efficiency.(53) So, in the first objec�ve, I designed and created a so� cylindrical-shaped cryogel as 

an implant into the GBM resec�on cavity in a mouse model to deliver a repurposed drug, 

clemas�ne. The interconnected macropores scaffold of this cryogel provides so� mechanical 

proper�es to match the brain �ssue. Clemas�ne showed a therapeu�c window between the 

astrocytes and GBM cells, indica�ng the advantage of the treatment. Cryogels showed good 

biocompa�bility when implanted into the surgical resec�on cavity in an orthotopic GBM mouse 

model. Although local treatment did not show beter efficacy than systemic administra�on, the 

drug dosage used for the local treatment was much lower, sugges�ng higher drug delivery 

efficiency. Furthermore, local treatment avoided any delay in star�ng the treatment post-surgery, 

which might be another reason for achieving a similar therapeu�c efficacy with a lower dose. 
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However, clemas�ne did not suppress the growth of the bulk primary tumour, limi�ng the 

transla�onal applica�ons of clemas�ne monotherapy. 

The cylindrical-shaped cryogel was designed exclusively to fit the surgical resec�on of a mouse 

model. However, the size of the resec�on cavity varies in clinics and is hard to predict. So, it is 

cri�cal to develop a versa�le DDS to facilitate the administra�on procedure. In the third objec�ve, I 

developed microscale cryogels to resolve this problem. Leveraging shape memory and robust 

structure characteris�cs, MCs are injectable DDS suitable for irregular-shaped cavi�es and non-

resectable GBM. The electrosta�c interac�ons for drug loading s�mulate the improvement of drug 

loading capacity. Theore�cally, one nega�ve charge group in the MCs could bind with one drug 

molecule. With the high charge density, MCs achieved a weight ra�o of drug to materials above 

1:1. This advantage accelerates the drug delivery efficiency in comparison to drugs incorporated in 

the DDS such as liposomes and nanopar�cles, which usually only load with 10-20% drugs.(345-

347) MCs are also suitable for large resec�on cavi�es because the remaining space could be filled 

with empty MCs. Two repurposed drugs (brexpiprazole and vor�oxe�ne) and two 

chemotherapeu�cs (venetoclax and DOX) were tested for drug loading and drug release. DOX 

showed good loading capacity and efficiency, but the release patern drama�cally changed when 

reducing the amount of drug to 5 μg, the in vivo dose for animal studies. It revealed the 

shortcomings of the drug loading via electrosta�c interac�ons, in which the required drug 

concentra�on gradient of the drug binding with charged groups in the material dominated the 

drug loading and drug release. Addi�onally, the drug concentra�on gradient was irrelevant to the 

amount of drugs already bound with the material. So, this effect could be magnified when loading 

or delivering a small amount of drug. Specifically, the drug loading efficiency drama�cally 

decreases when MCs are incubated with low drug concentra�ons. In contrast, the drug release rate 

(in percentage) boosts for MCs only loaded with a small amount of drugs. Therefore, a drug that 

requires a low dose might not be suitable to be delivered by MCs. However, it also should be kept 

in mind that the circula�on of cerebrospinal fluid was slow. It is difficult to mimic the real drug 

release environment in vitro. Brexpiprazole showed the best drug loading efficiency and release 

profiles among the above-men�oned four model drugs. So, brexpiprazole MCs were selected for 

evalua�ng the an�-GBM efficacy in vitro. The results showed that brexpiprazole MCs effec�vely 

reduced cell viability on 2D monolayer and 3D spheroid cell culture models. However, an in vivo 

study is needed to evaluate the an�-GBM efficacy, especially compared to the systemic 

administra�on of free brexpiprazole. 
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To overcome the shortage of MCs delivering a small amount of drug, I hypothesized that polymeric 

microspheres could beter manipulate the drug release profiles. The conven�onal prepara�on 

method lacks control of the size distribu�on and reproducibility. So, I leveraged my knowledge of 

microfluidics to develop a novel methodology for preparing monodisperse polymeric 

microspheres. I used PLGA to encapsulate vor�oxe�ne, which had a rapid release patern in MCs. 

The op�mized protocol had good reproducibility and generated narrow-size distribu�on 

microspheres. This protocol also has the poten�al to scale up produc�on. As a novel prepara�on 

method, the cytocompa�bility of the product was crucial. The results showed that empty PLGA 

microspheres did not cause any toxicity on primary human astrocytes. The sustained drug release 

patern of vor�oxe�ne microspheres was validated by in vitro an�-GBM efficacy. These promising 

preliminary results provide the founda�on for further animal studies. This prepara�on method 

could also encapsulate other drugs and create microspheres with different polymer materials. 

2. Future directions  

This project develops three drug delivery systems for local treatment of GBM. However, further 

studies need to be done to pave the way for clinical transla�on. For example, the mechanism of 

ac�on of clemas�ne is s�ll unclear. The lysosomal membrane damage might be a reason for the 

disrup�on of cell invasion. However, the signalling pathways regula�ng the lysosomal membrane 

integrity have not been validated. So, further studies, especially in molecular biology, need to be 

done to uncover the mechanism of ac�on of clemas�ne. Addi�onally, studies have shown that 

lysosomal membrane disrup�on rescued the mul�drug resistance of cancer cells and effec�vely 

killed the apoptosis‐resistant cancer cells.(348, 349) So, targe�ng the lysosomal membrane 

disrup�on might be a strategy against GBM. On the other hand, clemas�ne treatment was poor 

against the bulk primary tumour, which suggested that clemas�ne monotherapy was not enough 

to cure GBM. By providing cri�cal insights into the mechanism of ac�on of clemas�ne, a 

chemotherapeu�c with a synergis�c effect could be discovered, which has the poten�al to 

transform glioblastoma treatment paradigms. 

Brexpiprazole MCs showed promise against GBM cells in 2D and 3D in vitro models. This finding 

should lead to an evalua�on of the an�-GBM efficacy in animal models. In vivo studies are also 

important to understand the real drug release paterns, especially for the ini�al burst release in the 

first few hours, because the burst-released drug could limit the drug dose. The in vitro drug release 

model lacks the mimicking of the tumour microenvironment, so, the in vivo drug release paterns 
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might be different. Since most GBM pa�ents undergo surgical tumour resec�on, we aim to 

administer the MCs into cavi�es post-surgery. If the sustained drug release long enough allows us 

only to perform one treatment without any other interven�on such as addi�onal intracerebral 

injec�on, the less invasive treatment strategy could improve pa�ent compliance, increase 

effec�veness, and poten�ally reduce adverse effects and healthcare costs. 

PLGA microspheres are a general vehicle to deliver various drugs and are suitable for non-charged 

drugs and drugs with poor loading and release results in the cryogel system. Vor�oxe�ne was 

found to have promising an�-GBM efficacy in recent years,(118) but the dosage of local treatment 

is s�ll unknown. Further studies are needed to compare the in vivo efficacy of local treatment to 

systemic treatment. Since PLGA is an out-of-fashion material, other novel biodegradable materials 

such as poly(beta-amino ester)s (PBAE) are more atrac�ve to create microspheres. PBAEs are a 

type of polymer material synthesized from diacrylate and amine molecules.(350) These posi�vely 

charged materials have wide applica�ons in DNA delivery.(351) Some pilot studies have shown that 

PBAE microspheres can be created by the same microfluidics method as PLGA microspheres. These 

results suggest that this prepara�on method has versa�le applica�ons in polymeric microsphere 

prepara�on.  

Future research will explore several hypotheses stemming from the tuneable nature of PBAE 

microspheres and their integra�on into cryogel-based delivery systems. First, I hypothesize that 

the degrada�on rate of PBAE microspheres can be predictably controlled by varying molecular 

weight and monomer composi�on, enabling precise modula�on of drug release kine�cs. This can 

be falsified by demonstra�ng a lack of consistent correla�on between polymer structure and drug 

release profiles in in vitro drug release studies. Second, I propose that tailoring drug release 

profiles will enhance therapeu�c efficacy. This can be tested by comparing treatment 

outcomes/adverse effects in preclinical models using microspheres with various release paterns 

(rapid/long-term). Third, I hypothesize that posi�vely charged PBAE microspheres will exhibit 

enhanced drug distribu�on during the treatment if incorporated within the nega�vely charged 

cryogel. This hypothesis is falsifiable through imaging-based spa�al analysis showing no 

improvement compared to administering microspheres only. Finally, I propose that embedding s�ff 

PBAE microspheres into cryogels improves the mechanical property of the scaffold, which can be 

falsified through compara�ve mechanical tes�ng by showing negligible enhancement.  

The cryogel used in this project is made of a non-biodegradable material, which means it would be 

permanently in the brain a�er the treatment. Although animal studies showed that cryogel 
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implanta�on did not cause host response and affect the mice’s behaviour, developing 

biodegradable cryogel should be more atrac�ve for clinical applica�ons. 
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