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Chemical compounds studied in this article: 

Sodium heparin CID: 22833565 

N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC) CID: 15908 

N-Hydroxysulfosuccinimide (NHS) sodium salt CID: 133909 

Dimethyl sulfoxide (DMSO) CID: 679 

Toluene (≥99.5%) CID: 1140 

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 

(Synperonic® PEP105) SID: 24888568 

Alexa Fluor™ 647  CID: 102227060 

Doxorubicin, hydrochloride salt CID: 443939 

 

KEYWORDS: local drug delivery system, heparin, doxorubicin, sulfated microcarrier, cancer  

ABSTRACT: Developing drug delivery systems that release anticancer drugs in a controlled 

and sustained manner remains challenging. We hypothesized that highly sulfated heparin-

based microcarriers would allow electrostatic drug binding and controlled release. In silico 

modelling showed that the anticancer drug doxorubicin has affinity for the heparin component 

of the microcarriers. Experimental results showed that the strong electrostatic interaction was 

reversible, allowing both doxorubicin loading and a subsequent slow release over 42 days 

without an initial burst release. The drug-loaded microcarriers were able to reduce cancer cell 

viability in vitro in both hormone-dependent and highly aggressive triple-negative human 

breast cancer cells. Focal drug treatment, of an in vivo orthotopic triple-negative breast cancer 

model significantly decreased tumor burden and reduced cancer metastasis, whereas systemic 

administration of an equivalent drug dose was ineffective. This study proves that heparin-based 

microcarriers can be used as drug delivery platforms, for focal delivery and sustained long-

term drug release.  
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1. Introduction 

Chemotherapeutic drugs are a mainstay treatment for a wide variety of cancers, but the 

imprecise targeting of their toxic activity causes dose-limiting side effects. For example, 

adjuvant chemotherapies for breast cancer treatment are associated with severe long-term side 

effects, such as marrow neoplasms, premature menopause/infertility and cardiotoxicity (Tao, 

Visvanathan, & Wolff, 2015). Researchers are attempting to increase the local dose of these 

drugs at the tumor site by developing implantable drug delivery systems that can provide focal 

drug release when embedded within or in proximity to the tumor.  These systems include, but 

are not limited to, hydrogels, scaffolds, microparticles and nanoparticles (Wolinsky, Colson, 

& Grinstaff, 2012). However, many of these drug delivery systems exhibit a “burst release” 

that delivers a disproportionately large amount of the drug immediately following implantation 

compared to later stages (Newland, Baeger, Eigel, Newland, & Werner, 2017; Newland et al., 

2018; Pramod, Shah, & Jayakannan, 2015; Ying, Cui, Yu, & Du, 2011). Whilst this “burst” 

may be beneficial in certain therapeutic situations, it can be pharmacologically dangerous in 

others (i.e. it can produce unacceptable side effects), as well as being economically inefficient 

(Huang & Brazel, 2001). Ultimately, if the burst release is too pronounced, the drug can show 

a pharmacokinetic profile similar to that of systemic administration and produce similar 

adverse side effects. Better control over drug release remains a critical requirement, and this 

calls for drug release systems showing zero-order release kinetics, as well as self-regulating 

systems.  

Long-term depot formulations are interesting contenders that could address this need 

(Yun, Lee, & Park, 2015). One interesting class of natural polymers for these formulations are 

the highly sulfated carbohydrates, such as heparin and heparan sulfate (Liang & Kiick, 2014). 

The abundance of sulfate groups (particularly in heparin) confers a highly negative charge on 

the polymer and facilitates the binding of a range of proteins (Rudd, Preston, & Yates, 2017). 
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Heparin-containing biomaterials have therefore been utilized for applications that require a 

slow and controlled release of heparin-binding proteins (Kang et al., 2019; K. Lee, Silva, & 

Mooney, 2011; Lohmann et al., 2017; Martino, Briquez, Maruyama, & Hubbell, 2015; 

Newland et al., 2015).  

We hypothesized that the same process of electrostatic binding/slow release could be 

employed to design delivery devices for drugs that have positively charged moieties. One 

example is the chemotherapeutic drug doxorubicin, which is routinely used for breast cancer 

therapy (Hernandez-Aya & Gonzalez-Angulo, 2013) and which contains a primary amine that 

confers a positive charge under physiological conditions. Many researchers have exploited this 

amine group to generate covalent polymer-drug conjugates (Duncan & Vicent, 2010; Hervault 

et al., 2016; Pramod et al., 2015; Yoo, Oh, Lee, & Park, 1999). In the present study, we 

investigated whether a heparin-based system would allow reversible (electrostatic) binding of 

doxorubicin, while also affording sustained release over a period of one month.   

We have previously prepared poly(ethylene glycol) (PEG)/heparin microscale scaffolds 

via cryogelation for cell transplantation applications (Newland et al., 2015). These spherical 

macroporous materials (termed microcarriers) are ideal for focal delivery because their 

compressible sponge-like structure allows their injection through fine-scale needles. Cryogels 

are clearly well-suited for cell delivery applications (Béduer et al., 2015; Bloch et al., 2005; 

Borg et al., 2016; Sarnowska et al., 2013), ), but here we assessed their suitability as a focal 

drug delivery device. We analyzed whether these microcarriers can be loaded with 

doxorubicin, and whether the doxorubicin-loaded microcarriers can reduce breast cancer cell 

viability in vitro. We also evaluated whether locally administered doxorubicin-loaded 

microcarriers could serve as a viable therapeutic alternative to intravenously administered 

doxorubicin in an orthotopic metastatic breast cancer model. 
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2. Materials and Methods 

2.1 Cryogel Microcarrier Synthesis and Characterization 

Cryogel microcarriers were synthesized as described previously (Newland et al., 

2020b). Briefly, 11.11 mg four-arm amino-terminated PEG (10 kDa, JenKem Technology, 

USA) was used to crosslink 15.56 mg heparin (14 kDa, sodium salt, porcine intestinal mucosa, 

Calbiochem, Merck, Germany) (1:1 molar ratio) via an EDC/sulfo-NHS mediated reaction 

(EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, 1.7 mg, Sigma, St. Louis, MO, 

USA; sulfo-NHS = N-hydroxysulfosuccinimide sodium salt, 0.97 mg, Sigma) in aqueous 

solution (600 µL of ice cold MilliQ water). A 1% (w/w) proportion of the heparin used in the 

cryogel microcarrier preparation was labelled with Alexa Fluor® 647 (Invitrogen, USA). The 

cryogel precursor solution was immediately added to a mixture of 9 mL toluene and 3 mL of 

the stabilizing agent poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 

glycol) (Synperonic PEP105, Sigma) in toluene solution (c = 1 mg/mL) in a round bottomed 

flask (stirring at 700 rpm). After 10 minutes another 3 mL of Synperonic PEP105 in toluene 

solution (1 mg/mL) was added before the round bottomed flask was submerged in an ethanol 

bath at -80 °C for 2 hours to initiate ice crystal formation in the water-in-toluene emulsion 

droplets. After storage at -20°C overnight, the toluene was carefully aspirated and the sample 

was lyophilized to remove the liquid phase of the hydrogel matrix. 

The size distribution of the cryogel microcarriers was obtained by imaging 240 

microcarriers in phosphate buffered saline (PBS) (Gibco, UK) using a brightfield light 

microscopy (10  objective, Olympus IX73, Germany). Measurements were made using 

ImageJ software (NIH). Scanning electron microscopy (SEM, XL30 ESEM-FEG, Philips, 

Netherlands) was performed on dry microcarriers using the secondary electron detector and 

acceleration voltages of 3.0–5.0 kV. The samples were scattered on an SEM stub covered with 
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an adhesive carbon film and sputtered with gold for 60 s at 40 mA (SCD 050 Sputter Coater, 

Balzers) before imaging. 

Fluorescence microscopy images of the cryogel microcarriers in PBS were obtained by 

confocal laser scanning microscopy (CLSM, Leica SP5, Leica, Germany) with a helium/neon 

laser (excitation wavelength 633 nm). Images were taken with a 10 magnification immersion 

objective (HCxPL APO CS 10×, aperture 0.4, IMM, Leica). Where z-plain stacks were taken, 

a z-distance between 2 and 5 μm was used. 

Fourier-transform infrared spectroscopy was used as previously described (Eigel et al., 

2019), to detect the heparin within the cryogel microcarriers.  

 

2.2 In Silico Modelling of the Drug/Microcarrier Interaction 

The computational studies were carried out using 1.80 GHz Intel Xeon (8 cores) 

processor-based computing, running Ubuntu 14.04 LTS. The model (a representative unit of 

the hydrogel structure) was prepared with Molecular Operating Environment 2015.10 

(Sherbrooke St. W, Montreal, Canada). A representative unit of the cryogel polymer network 

was manually prepared using one molecule of PEG (10 kDa) and one molecule of heparin (14 

kDa) to match the molar ratio used for the cryogel microcarrier synthesis (subsequently termed 

the “model PEG/heparin construct”). The three non-bound arms of the PEG chains were 

modelled as neutral amide groups; these were representative of the continuing network 

structure and thus did not contribute to charge-charge interactions In model #1, an Alexa Fluor® 

647 molecule was also included in the structure to investigate the possible interactions of the 

drug with the fluorescent label (note that only 1% of the heparin was fluorescently labelled in 

the microcarriers). This fluorophore was omitted in model #2. The interaction of the drug 

(doxorubicin) with the model PEG/heparin construct was initially analyzed at a 1:1 molar ratio 
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(doxorubicin to heparin), and then at a 3:1 ratio to allow a closer representation of the drug 

loading ratio used in the experimental studies (i.e. the standard loading, see below). 

Molecular dynamic simulations (Desmond package, Maestro v 11.4, Schrödinger LLC, 

New York, NY, 2017) were employed to identify the most stable conformation of the model 

PEG/heparin construct. Briefly, the model PEG/heparin construct was solvated with TIP3P 

water using an OPLS3 force field to form a water shell with a thickness of 20 Å around the 

model. The solvated model was then simulated with the “NPT relax protocol” in Desmond. 

That protocol involved an initial minimization of the solvent with restraints on the solute, 

followed by molecular dynamic simulations of 50 ns in NPT ensembles at constant temperature 

(300 K) and pressure (1 atm). Data were collected every 50 ps. The simulation was performed 

in triplicate, using a random seed as a starting point each time. Hierarchical clustering based 

on structural root-mean-squared distance (RMSD) was used to group the different polymer 

conformations and to select a representative structure for subsequent determination of drug 

interactions with the model PEG/heparin construct. 

The molecular dynamic simulations of the drug-model interactions were performed 

using the “NPT relax protocol” in Desmond described above. The temperature of the 

simulations was taken as the default value of 300 K, and the duration of the simulation was 100 

ns. Drug loading was determined by evaluating the variation of the total solute energy of the 

complex (drug + model PEG/heparin construct) with regards to the simulation time. The 

simulation was performed in triplicate, using a random seed as a starting point each time. 

 

2.3 Doxorubicin Loading and Release Study 

A 300 µL volume of doxorubicin solution was prepared by dissolving doxorubicin 

hydrochloride (LC Laboratories, Woburn, U.S.A) in dimethylsulphoxide (DMSO) and adding 

distilled water to give a DMSO concentration of 0.1% v/v. The doxorubicin was then added at 
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a concentration of either 400 µg/mL or 800 µg/mL to 1.8 mg of dry microcarriers. This resulted 

in either 66.6 µg doxorubicin per mg of microcarriers (MC) (dox/mg MC), termed “standard 

loading”, or 133.3 µg dox/mg MC, termed “high loading”. The molar ratio of doxorubicin to 

heparin was 2.76:1 (standard loading) or 5.52:1 (high loading). The microcarriers were left for 

72 hours in the particular doxorubicin solution at room temperature. At the end of this loading 

period the supernatant was colorless and the microcarriers were dark red. 

The loading and release characteristics were determined by removing supernatant 

samples after loading and at selected time points and storing them at -80°C for later analysis 

(see below). The removed volume was replaced with 900 µL of PBS (pH 7.4) (final 

microcarrier concentration of 2 mg/mL). The release was conducted at pH 7.4 in order to mimic 

the extracellular environment where the microcarriers were injected (proximal to the tumor), 

instead of the more acidic tumor microenvironment (Chen et al., 2015). At the end of the study 

(after 42 days), the collected supernatants were thawed and 100 µL were analyzed in a Spark® 

plate reader (Tecan Trading AG, Switzerland) by absorbance spectroscopy at 482 nm 

(concentrations above 1.5 µg/mL) and by fluorescence spectroscopy (concentrations below 1.5 

µg/mL) at an excitation wavelength of 490 nm and emission wavelength of 595 nm. Standard 

curves were prepared for calculation of the released doxorubicin amounts, which were plotted 

as a cumulative release curve. The percentage of doxorubicin loaded onto the microcarriers 

was determined by a depletion method, i.e. by subtracting the doxorubicin concentration 

remaining in the supernatant after loading from its initial concentration in the loading solution. 

Experiments were performed in quadruplicate (n=4). The doxorubicin uptake by the 

microcarriers was visualised by CLSM, as described above, using an argon laser (excitation 

wavelength 488 nm) to image doxorubicin and a helium/neon laser (excitation wavelength 633 

nm) to image the microcarriers. 

 



 9 

2.4 Cell Viability Assays Comparing Unloaded and Doxorubicin Loaded Microcarriers   

Two breast cancer cell lines were used for these studies. MCF-7 cells (ATCC, USA), 

were cultured in Dulbecco's Modified Eagle Medium (110 mg/L sodium pyruvate, 4.5 g/L 

glucose, Gibco/ThermoFisher) supplemented with 10% v/v fetal bovine serum (FBS, 

Biochrom, UK), 10 μg/mL insulin and penicillin (100 U/mL) and streptomycin (100 µg/mL) 

(Sigma). The metastatic breast cancer cell line MDA-MB-231 (ATCC) was cultured in Roswell 

Park Memorial Institute 1640 medium supplemented with 10% FBS and penicillin (100 U/mL) 

and streptomycin (100 µg/mL). Cells were seeded in a flat bottom 96-well plate at a density of 

10,000 cells/well 24 h prior to experimentation. Microcarriers were loaded with doxorubicin at 

40 µg dox/mg MC for 72 hours at 37°C. They were then washed three times with cell culture 

medium immediately prior to experimentation by allowing the microcarriers to sediment, 

removing the supernatant and replacing it with the appropriate cell culture medium. These 

loaded microcarriers were then diluted to 100 µg/mL. Unloaded microcarriers were suspended 

in the appropriate cell culture medium at a concentration of 100 µg/mL to serve as a control. 

Doxorubicin solution diluted to 4 µg/mL in cell culture medium was used as the positive 

control. The loaded microcarriers, unloaded microcarriers, and the positive control were 

incubated with the cells for 1 day and 3 days, prior to conducting light microscopy and 

PrestoBlue analysis. PrestoBlue (ThermoFisher, USA) was diluted to 10 % of its original 

concentration with cell culture medium and added to the cells for 30 minutes. Analysis was 

carried out according to the manufacturer’s protocol with appropriate controls including a 

blank (no cells + PrestoBlue) and a microcarrier blank (no cells + microcarriers + PrestoBlue) 

to ensure no interaction of the materials with the assay. Experiments were performed in 

quadruplicate (n=4). 
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2.5 Analysis of Local Administration of Doxorubicin Loaded Microcarriers to an In Vivo 

Model of Metastatic Breast Cancer 

The in vivo studies were approved by the Home Office of the United Kingdom (project 

license number PPL 70/8801). This study complied with best practice in cancer research 

(Workman et al., 2010), and all animals were maintained under Home Office regulations. The 

current in vivo trial was part of a multi-arm study to implement the principles of replacement, 

reduction and refinement (3Rs); therefore the control group and intravenous (i.v.) doxorubicin 

group were the same as described elsewhere.(Newland et al., 2018) MDA-MB-231-derived 

tumor cells were used to induce tumor xenografts that metastasized following orthotopic 

injection into mice; the tumors carried the firefly luciferase gene to permit in vivo 

bioluminescence imaging.(Goldstein, Reagan, Anderson, Kaplan, & Rosenblatt, 2010) Tumor 

formation, detection and therapeutic intervention were carried out based on protocols 

developed previously (Seib & Kaplan, 2012; Seib, Tsurkan, Freudenberg, Kaplan, & Werner, 

2016). Briefly, female NOD/SCID mice (NOD.CB17-Prkdcscid/NcrCrl) aged 49 to 56 days 

(Charles River UK Limited, UK) were injected bilaterally in the 4th or 5th mammary fat pad 

with a total of 5 × 105 cells in 20 μL of Matrigel (BD Biosciences, UK). Following tumor 

induction, the mice (group sizes 4 to 5) were treated on day 14.  

Microcarriers (final concentration of 6 mg/mL) were loaded with doxorubicin at either 

66.6 µg dox/mg MC (standard loading) or 133.3 µg dox/mg MC (high loading) for 72 hours 

before being drawn up into 1 mL syringes fitted with 26 gauge needles. Mice were injected 

bilaterally, close to the tumour sites, with 100 μL of microcarriers containing either a 40 µg 

“standard” or 80 µg “high” amount of doxorubicin.  The mice therefore received a total of 

either 80 or 160 μg of doxorubicin per mouse. As a comparative control, the equivalent 

doxorubicin dose of 80 μg in normal saline was injected as a 100 μL bolus via the tail vein 

(denoted as “doxorubicin i.v.”). This control was selected because it is the current primary 



 11 

choice in the clinic.  However, Abraxane® (nanoparticle albumin-bound paclitaxel), Myocet® 

(liposomal doxorubicin), Doxil® (PEGylated liposomal doxorubicin) are examples of 

clinically approved nanomedicine that are also administered intravenously (Venditto & Szoka 

Jr, 2013). Inclusion of one of these nanomedicines could have provided an interesting 

comparison, though freely diffusible doxorubicin in normal saline was considered the most 

appropriate benchmark. The control group received no treatments. Disease progression was 

monitored weekly by intraperitoneal injections of D-luciferin (Molecular Probes, Eugene 

USA) and measurement of tumour cell-associated bioluminescence using the Xenogen IVIS 

200 imaging system. At the endpoint of the study, the bioluminescence imaging system was 

used to examine the brain, lung, liver and bones (hind legs) of each mouse for metastasis, and 

the primary tumours were dissected and weighed. 

 

2.6 Statistical Analyses 

GraphPad Prism 6.07 (GraphPad) software was used for data analysis. Tumor growth was 

analyzed using a two-way analysis of variance (ANOVA; treatment and time, repeated 

measures by treatment) with Tukey’s post hoc multiple comparisons test. Tumor weight was 

analyzed by one-way ANOVA with Tukey’s post hoc multiple comparisons test. Mouse total 

body and heart weights at the end of the study were also analyzed by one-way ANOVA with 

Tukey’s post hoc multiple comparisons test. Error bars represent the standard deviation 

throughout, except for the in vivo analysis, where they represent the standard error of the mean. 

An asterisk denotes statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001. 
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3. Results and Discussion 

3.1. Microcarrier Characterization 

Heparin-containing cryogel microcarriers were formed from PEG and heparin using a 

previously established protocol (Newland et al., 2020a; Newland et al., 2020b) (Figure 1a, 

Supplementary Information (SI) Figure S1 and SI Figure S2). Scanning electron microscopy 

analysis showed the macroporous structure of the microcarriers in their dry state (Figure 1b). 

The addition of a small proportion of Alexa 647-labelled heparin during the synthesis 

procedure produced fluorescently labelled microcarriers that could be visualised in PBS 

(hydrated state) by confocal microscopy (Figure 1c). Analysis of the microcarrier size 

distribution (hydrated) (Figure 1d), showed that the microcarriers varied in diameter from 100 

µm to 500 µm. The microcarriers had an average diameter of 232 µm (± 76 µm). The sponge-

like nature of the cryogel materials allows their injection though needles far smaller than the 

microcarrier dimensions (Bencherif et al., 2012; Liu et al., 2014) as we have previously shown 

for these spherical microcarriers (Newland et al., 2015). This shape memory-like ability to re-

expand after injection makes them an ideal material for focal delivery, where retention in the 

injection site is required. 

 

3.2. In Silico Drug Loading: Doxorubicin Preferentially Binds to Heparin  

The interactions between drugs and targets, or drugs and delivery systems, mainly 

depend on the structural, hydrophobic and electrostatic properties of both sets of molecules. 

These interactions are critical drivers for the formation of self-assembled supramolecular 

complexes. In silico studies can provide valuable insights into the forces involved in the 

formation of drug-carrier complexes and the possible drug-carrier interaction modes (Geetha, 

Sivaram, Jayakumar, & Gopi Mohan, 2016; Schirmer, Atallah, Werner, & Freudenberg, 2016). 

In the present study, molecular dynamic simulations were performed to predict the possible 
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interactions of doxorubicin with heparin-based microcarriers. As a first approach, a model was 

required that could represent the extended microcarrier system. Therefore, molecular dynamic 

simulations were performed using a PEG/heparin construct (25.8 kDa) as a model (Figure 2a). 

The root mean square deviation (RMSD) was then monitored throughout the simulation 

trajectories to determine the conformational changes of the model PEG/heparin construct and 

to identify the most stable structural conformation. This simulation showed an initial 

rearrangement of the polymer chains and a consecutive stabilization at an RMSD value around 

16 Å (Figure 2b). This RMSD value was chosen as a cut-off for the selection of the different 

conformers, which were successively clustered to select a representative structure of the most 

stable polymer conformation of the model PEG/heparin construct (Figure 2c).  

The doxorubicin loading was simulated using this representative model PEG/heparin 

construct structure (Figure 2c) as the model of the cryogel network. As a starting point, the 

drug was located close to the PEG region (Figure 3) and the drug-model PEG/heparin construct 

system was simulated for 50 ns using the NPT relax protocol. These molecular dynamic 

simulations showed a clear migration of doxorubicin from the PEG region of the model 

PEG/heparin construct to the heparin region through a pathway that involved a series of model-

drug association and dissociation events (Figure 3, Supplementary Information Video S1). 

The formation of the doxorubicin-heparin complex over time was then evaluated by 

analysing various parameters, such as RMSD, van der Waals energy, Coulomb’s energy and 

total energy, throughout the simulation trajectory (SI Table S1). Analysis of the energy 

parameters of the molecular dynamic simulations revealed a considerable energetic change in 

the system over the simulation time; this change represented the stability of the drug-heparin 

complexes. The highest energy is usually representative of a more unfavorable situation, and 

consequently a less probable one, whereas a reduction in energy represents a favorable and 

more stable configuration. Here, the initial starting point of the doxorubicin-PEG interaction 
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showed a total system energy ranging from -3.65 to -28.11 kcal/mol, whereas the doxorubicin-

heparin interaction energy was -22.1 to -40.9 kcal/mol. This energetic difference between the 

two complexes might explain the migration of doxorubicin from the PEG to the heparin region.  

The affinity of doxorubicin for the heparin region has been further confirmed with a 

molecular dynamic simulation of 100 ns, using the same model PEG/heparin construct but with 

the starting point of doxorubicin at the heparin region of the construct (SI Figure S3). The 

results showed minimal RMSD variations and, overall, the lowest total energy, suggesting that 

the interaction between doxorubicin and the heparin region is the most favorable complex 

possible (SI Figure S3 and Video S2).  

Another molecular dynamic simulation was performed using a molar ratio of 

doxorubicin to heparin of 3:1, as this more closely resembled the molar ratio used in the 

loading/release experiments and the in vivo studies (actual ratio 2.7:1). For this simulation, 

three starting locations were chosen for the doxorubicin molecules: the PEG region, the 

PEG/heparin border, and the heparin region. A simulation for 100 ns showed a migration of 

doxorubicin from the PEG region to the heparin region (Figure 4, SI Video S3). Further 

molecular dynamic simulations were carried out with a second model of PEG/heparin, but this 

time without a fluorophore (SI Figure S4). Doxorubicin again showed a preference for 

interacting with the heparin portion of the model, as shown in SI Figures S5 and S6. 

In summary, in silico modelling showed that the heparin component of the cryogel 

microcarriers plays a crucial role in their drug loading capacity and is expected to directly 

impact the long and steady release of doxorubicin. These data are in accordance with previous 

studies showing doxorubicin binding to heparin or heparin hydrogels (Aoyama, Horioka, & 

Nagamitsu, 1987; Li, Ye, Zhang, & Feng, 2019; Wen et al., 2020; Yu et al., 2019). Here, the 

PEG region has only a marginal role in the doxorubicin-microcarrier interaction, suggesting 
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that specifically heparin-based microcarriers can be an efficient drug delivery platform for 

doxorubicin. 

 

3.3. Heparin-Containing Microcarriers Load and Release Doxorubicin 

Our initial hypothesis was that the sulfate groups on the heparin contained within the 

microcarriers would electrostatically attract doxorubicin via its amino group (proposed 

mechanism shown in SI Figure S7a). After confirmation of a doxorubicin-heparin interaction 

by in silico modelling, doxorubicin loading to the microcarriers was studied experimentally. 

Doxorubicin is red in color so we could clearly visualize the uptake process (Figure 5a and b). 

Previously colorless microcarriers turned red after being left for 72 hours in a solution 

containing doxorubicin at a concentration of 800 µg/mL. Once washed (to remove unbound 

doxorubicin) the microcarriers stayed red whilst being observed in PBS using an optical 

microscope (Figure 5b). The doxorubicin appeared to be evenly distributed across the 

microcarrier, but a better visualization of the distribution was obtained with confocal 

fluorescence microscopy. The spectral separation of the doxorubicin and the AlexaFluor 

labeled microcarriers allowed the characterization of drug distribution on the microcarrier 

(Figure 5c). The overlay images of the drug loaded microcarrier appeared uniformly pink 

indicating that doxorubicin was bound evenly throughout the microcarriers. Doxorubicin was 

loaded at either 66.6 µg doxorubicin per mg of microcarrier (66.6 µg dox/mg MC) termed 

“standard loading” or 133.3 µg dox/mg MC termed “high loading”. Regardless of the loading 

ratio used, all the doxorubicin in the solution was loaded onto the microcarriers (SI Figure 

S7b). Loading efficiencies (weight of drug/weight of microcarriers) of 6.6% and 13.3% were 

achieved for standard and high loadings, respectively. The molar ratio of doxorubicin loaded 

to heparin was calculated as 2.76 for standard loading and 5.52 for high loading (SI Figure 

S7c). Knowledge of the number of sulfate groups per mole of heparin (64.8) (assuming 24 
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disaccharide units for heparin, with 2.7 sulfate groups per unit) also allowed the calculation of 

the ratio of doxorubicin to sulfate groups, which was 0.043 for standard loading and 0.085 for 

high loading. Thus, a large excess of sulfate groups still remains at the loading concentrations 

used in these studies. 

We then analyzed whether the heparin-containing microcarriers release doxorubicin in 

a sustained manner and without an uncontrolled burst release. Subsequent in vivo experiments 

analyzed microcarrier administration into the mammary fat pad rather than direct intratumoral 

injection, so PBS (pH 7.4) was used as a release medium. The supernatant surrounding 

doxorubicin-loaded microcarriers was analyzed over 42 days (the longest time tested).  

Approximately 25 µg of doxorubicin were released from the microcarriers over the first four 

days (Figure 5d), with the total release being 43 µg for standard loading and 52 µg for high 

loading. This release does not follow zero order kinetics, but no burst release of the drug 

occurred over the first two days and less than half the drug was released over the full 42 days 

(Figure 5e). Over the last three weeks, the microcarriers steadily released 1 to 2 µg of 

doxorubicin per week. At the end of the study ~50% (standard loading) or ~70% (high loading) 

of the drug still remained on the microcarriers (which still appeared dark red), indicating that 

doxorubicin that is tightly bound to the microcarriers either requires more time for release or 

competitive displacement via molecules with heparin-binding affinity which may occur in 

different mediums or the in vivo environment. We speculate that no significant 

chemical/physical changes to the microcarriers would be expected between PBS used for the 

release studies and culture medium (with similar salt content/pH) for the cytotoxicity analysis. 

However, serum components and proteins may serve to displace the doxorubicin, increasing 

the release rate (Shibata, Saito, Yomota, & Kawanishi, 2010). Furthermore, the release profile 

determined in PBS does not necessarily replicate the release situation in vivo, where 
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competitive ligands could adhere to doxorubicin (Agudelo et al., 2012), thus increasing the rate 

of doxorubicin displacement from the microcarriers. 

Poly(lactic-co-glycolic acid)(PLGA) is commonly used to formulate microcarriers, 

microparticles and nanoparticles for applications in drug delivery (Davaa, Lee, Jenjob, & Yang, 

2017; Kim et al., 2012, 2013; Pouponneau, Leroux, Soulez, Gaboury, & Martel, 2011). PLGA 

has tunable biodegradability and is a US Federal Drug Agency (FDA)-approved material for 

use in humans. However, several reports of PLGA-based doxorubicin delivery devices have 

shown rapid, short term release of doxorubicin (Kim et al., 2012, 2013; Pouponneau et al., 

2011). For example, porous PLGA microparticles were shown to release their entire payload 

within 7 days (Kim et al., 2013) or 10 days (Kim et al., 2012). Another study showed that ~ 

50% of the drug was released from PLGA microcarriers within the first 10 minutes 

(Pouponneau et al., 2011).  

In these reports, the PLGA was used to physically encapsulate doxorubicin, so that 

release is possible via diffusion through the polymer network or via polymer degradation. The 

doxorubicin release time from PLGA microparticles has been greatly extended by covalently 

conjugating the doxorubicin to the microparticle via a peptide linker (Davaa et al., 2017). 

Multiple steps were required to create the microparticle-drug conjugates and although the 

release time was improved the release profile still showed a burst release during the first day. 

By contrast, our presented approach, which relies on the electrostatic binding of doxorubicin 

to the heparin-based microcarriers, allows a prolonged and steady release without a burst effect. 

This method of reversibly binding the doxorubicin to the microcarriers is both simple (no 

additional functionalization steps required) and effective.  
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3.4. Doxorubicin Loaded Microcarriers Reduce Breast Cancer Cell Viability In Vitro 

Having ascertained that the microcarriers release the loaded doxorubicin in a sustained 

manner, we next analyzed whether the released payload could reduce the viability of human 

breast cancer cells. For these studies two tumorigenic human breast epithelial cell lines were 

chosen: MCF-7 cells with a non-invasive phenotype and MDA-MB-231 cells with an invasive 

phenotype (Castelló-Cros, Khan, Simons, Valianou, & Cukierman, 2009). Both MCF-7 and 

MDA-MB-231 cells were confirmed as sensitive to doxorubicin, as shown by the treatment 

with free doxorubicin at 4 µg/mL (positive control) in agreement with previous in vitro studies 

(Pilco-Ferreto & Calaf, 2016). Doxorubicin-loaded microcarriers showed a time-dependent 

cytotoxicity towards MCF-7 cells (Figure 6). Light microscopy analysis of the cells after 3 

days of incubation (Figure 6c) showed that MCF-7 cells in the control group were growing in 

compact colonies with a polygonal morphology typical of differentiated breast cancer cells. 

However, treatment with doxorubicin (either as the free drug or through microcarrier release) 

caused shrinkage, rounding and detachment of the cells. The doxorubicin-loaded microcarriers 

caused a reduction in MCF-7 cell viability at a similar order of magnitude as the directly 

applied, freely diffusible doxorubicin. 

The experimental setup also included MDA-MB-231 cells because they would be used 

to form the in vivo mouse metastatic breast cancer model. Again, administration of the 

doxorubicin loaded microcarriers resulted in a time-dependent cytotoxic effect (Figure 7). By 

day 3, microcarriers loaded with 40 µg dox/mg MC reduced the cell viability to 43%. 

The unloaded microcarriers did not cause cytotoxicity towards MDA-MB-231 or MCF-

7 cells. These data suggested that the microcarriers themselves are non-toxic, as expected from 

previous studies (Newland et al., 2015), but they can be used as a depot to deliver cytotoxic 

drugs like doxorubicin via injection.  
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3.5. Doxorubicin-loaded Microcarriers Reduce Tumor Growth, Tumor Weight and the 

Rate of Metastasis In Vivo 

Despite improvements in breast cancer prognosis, triple-negative breast cancer remains 

a continuing clinical challenge with a high risk of tumor reoccurrence and poor outcomes. 

Triple-negative breast cancer comprises a heterogeneous group of tumors that are estrogen-

receptor and progesterone-receptor negative and do not overexpress the human epidermal 

growth factor receptor 2 (HER2) (Bianchini, Balko, Mayer, Sanders, & Gianni, 2016). The 

lack of expression of these receptors renders triple-negative breast cancer unresponsive to anti-

hormone or anti-HER2 therapy, leaving chemotherapy the only established drug-based 

therapeutic option (Denkert, Liedtke, Tutt, & von Minckwitz, 2017).  

In the present study, the therapeutic efficiency of focal delivery of doxorubicin via 

locally injected microcarriers was compared to a bolus intravenous injection of doxorubicin. 

This required a model that would mimic the aggressive/challenging nature of triple-negative 

breast cancer. The orthotopic breast cancer mouse model was selected using bioluminescent 

triple-negative MDA-MB-231 cells, as this model shows a fast growth rate and exhibits a high 

rate of metastasis (Seib & Kaplan, 2012; Seib et al., 2016). The model also allows comparison 

of tumor growth rates and metastasis rates between focal and systemic drug administration.  

The in vivo study included (i) no treatment (negative control), (ii) intravenous 

doxorubicin (positive control – 40 µg/tumor), (iii) doxorubicin-loaded microcarriers (standard 

loading – i.e.  equivalent dose to positive control) and (iv) doxorubicin-loaded microcarriers 

(high loading – 80 µg/tumor) (Figure 8a). The dose of doxorubicin used for the intravenous 

injection (80 µg/mouse, i.e. 40 µg/tumor) was based on previous work that showed a significant 

decrease in tumor weight in this model but still had capacity for improvement (Seib & Kaplan, 

2012). The microcarrier groups received the same mass of microcarriers, but these were loaded 

with different amounts of drug.  
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The rate of tumor growth, determined via bioluminescence analysis, was similar for all 

groups. The exception was the doxorubicin-loaded microcarrier (high loading) group, which 

showed an almost complete cessation of tumour growth (Figure 8b). This group showed a 

statistically significant difference from both the control group and the intravenous doxorubicin 

group (P < .001). This difference is apparent in the representative images of the 

bioluminescence analysis after six weeks (Figure 8c), as the images clearly show a smaller 

tumor-associated signal in comparison to the other groups.  

At the end of the study, the tumor weight was lower for animals treated with intravenous 

doxorubicin than for the untreated control animals, although this difference did not reach 

statistical significance (Figure 8d). However, both doxorubicin-loaded–microcarrier groups 

(standard loading and high loading) showed a statistically significant reduction in the tumor 

burden (P< .05 and P< .01 respectively). The average tumor weight was 51 mg (± 48 mg) in 

the doxorubicin-loaded microcarrier group (high loading) and was significantly lower than the 

weights in both the no treatment control (549 mg ± 326 mg) and the intravenous doxorubicin 

group (414 mg ± 124 mg).  Encouragingly, despite containing an equal dose of doxorubicin, 

the doxorubicin-loaded microcarrier group (standard loading) showed a greater reduction in 

tumor weight (290 mg ±189 mg) than was observed in the group of intravenously administered 

doxorubicin. These data prove the concept that focal delivery of doxorubicin can be as 

effective, or even more effective, than systemic administration. Furthermore, the slow nature 

of the drug release allows the delivery of a higher concentration locally to the tumor via the 

microcarriers, resulting in significantly reduced tumor growth and tumor burden. Polymer 

nanotubes, developed previously by our group, failed to achieve the level of controlled release 

of doxorubicin that was demonstrated by the heparin-based cryogel microcarriers (Newland et 

al., 2018). It should be noted that although heparin was incorporated into the microcarrier 

structure to control drug release, the interaction of free heparin with the tumor was not 
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investigated. Free heparin or nano-heparin derivatives have been reported to reduce cancer cell 

growth and metastasis (Afratis, Karamanou, Piperigkou, Vynios, & Theocharis, 2017). 

However, unloaded microcarriers caused no impact on MCF-7 or MDA-MB-231 breast cancer 

cells in vitro. We do not expect significant degradation of the microcarriers in vitro over the 

time periods tested minimizing free heparin shedding as microcarrier stocks show stability in 

PBS at room temperature for three years (data not shown). It is conceivable that the 

microcarriers could possibly be degraded in vivo, perhaps through macrophage activity. 

However, previous studies with PEG-crosslinked heparin (like that used herein) did not show 

any indication of degradation in the rat CNS after 21 days (Freudenberg et al., 2009).  

Like other solid tumors, breast cancer tumors can metastasize and colonize other 

tissues. A study comparing the metastasis frequency and location of spread between triple-

negative breast cancer and other breast cancer sub types revealed a higher rate of metastasis in 

triple-negative breast cancer (Dent et al., 2009). In our study, the use of bioluminescent cells 

allowed analysis of the spread to other tissues, such as brain, lung, liver and bone. All three 

doxorubicin treatments reduced metastasis rates (Figure 8e). This was particularly the case for 

bone, where all three doxorubicin groups showed lower rates than the untreated control. The 

brain had comparable metastasis rates across all groups and had lower metastasis rates than 

other organs.  

In this triple-negative breast cancer mouse model, spread to the lungs is particularly 

prevalent (Newland et al., 2018; Seib & Kaplan, 2012), and was seen in 100% of all control 

animals. Doxorubicin loaded microcarriers reduced this lung metastasis rate to 75% (standard 

loading) or even 50% (high loading), confirming that focal delivery methods can outperform 

systemic drug administration techniques. At the high doxorubicin loading (dosing 7.2 mg/kg 

at an average mouse weight of 22 g) 1 out of 5 animals had to be euthanized due to ill health 

at 3.5 weeks.  Nonetheless the microcarrier system allowed dose escalation well beyond a dose 
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typically tolerated in immune compromised animals (Favreau-Lessard, Blaszyk, Jones, 

Sawyer, & Pinz, 2019), without effecting mouse weight or heart weight (SI Figure S8).  

Another advantage of the microcarriers developed here is the nature of their drug 

loading. Nanomaterials under development for drug delivery applications, by definition, have 

a high surface area to volume ratio, and this can be problematic for sustained delivery of the 

drug from the nanoparticle, especially when drug release is dependent on diffusion or 

degradation of the nanoparticle (J. H. Lee & Yeo, 2015). The microcarriers used in this study, 

with their macroporous structure, also have a high surface area to volume ratio, far larger than 

that of a non-porous microsphere of the same dimensions. However, no burst release of 

doxorubicin was observed (Figure 5). This indicates that using electrostatic attraction for 

loading drugs to a delivery system may be advantageous over more established techniques such 

as entrapment, encapsulation or covalent linking.  

Previously developed heparin-based hydrogel aggregates also showed a controlled drug 

release profile, although that particular analysis was only carried out for four days (Seib et al., 

2016). Herein we obtained a relatively steady release profile for 42 days with a maximum of 

50% of the drug released during this period, despite complete replacement of the release 

medium at each time point (thus ensuring a maximum concentration gradient – i.e. “sink 

conditions”). The in vivo data also showed the feasibility of injecting doxorubicin-loaded 

microcarriers adjacent to the tumor site to result in a substantially greater reduction in tumor 

weight than the equivalent doxorubicin dose administered systemically. Furthermore, the drug 

dose could be doubled for delivery by the microcarriers to achieve an even more significant 

reduction in tumor growth.   

4. Conclusion 

In summary, cryogel microcarriers, composed of the sulfated polysaccharide heparin 

and poly(ethylene glycol), could load doxorubicin via simple electrostatic attraction of the drug 
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to the struts of the macroporous structure. In silico modelling highlighted the affinity of 

doxorubicin for the heparin component of the microcarriers. Sustained doxorubicin release was 

observed, without an initial burst, with approximately 50% of the doxorubicin released over 42 

days (the longest time analyzed). Unloaded microcarriers did not cause cellular toxicity in vitro, 

corroborating previous studies showing that these microcarriers are non-toxic. However, 

cellular viability was reduced in the presence of doxorubicin-loaded microcarriers. Focal 

injection of doxorubicin-loaded microcarriers adjacent to an orthotopic breast cancer tumor in 

mice impeded both tumor growth and metastasis. These data indicate that biomaterials 

designed to incorporate sulphate groups through the use of natural carbohydrate polymers may 

represent an alternative and superior strategy for the focal and sustained release of positively 

charged drug molecules to solid tumors. 

Appendix A. Supplementary data  

Supplementary material related to this article can be found, in the online version  
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Figure 1. Sulfated cryogel microcarriers synthesized from poly(ethylene glycol) (PEG) and 

heparin. (a) A schematic depiction of the cryogel synthesis procedure (mechanism shown in SI 

Figure S1). (b) A scanning electron microscope image of a microcarrier under vacuum showing 

the macroporous structure. (c) Alexa 647 labeling of the microcarriers allows confocal laser 

fluorescence microscopy analysis in their swollen state (PBS). (d) Size distribution analysis of 

244 microcarriers in their PBS swollen state, showing an average diameter of 232 ± 76 µm. 
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Figure 2. A model PEG/heparin construct that represents a unit of the hydrogel structure for 

molecular dynamic simulations: (a) Molecular structure of the model PEG/heparin construct 

created from one PEG molecule and one heparin molecule (i.e. the same molar ratio as used 

for microcarrier preparation) plus an Alexa fluorophore. (b) Graph showing the root-mean-

squared distance (RMSD) vs time for the model PEG/heparin construct in water (n=3), from 

which the representative folded structure (used for subsequent computational analyses) was 

derived; this structure is rendered in (c). 
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Figure 3. Molecular dynamic simulation of the interaction of doxorubicin with the model 

PEG/heparin construct clearly shows the preferential binding of doxorubicin to the heparin 

region rather than to the PEG region of the construct. The graph shows the variations of energy 

(Coulomb – blue, van de Waals – orange, and total energy – green) of the system during the 

simulation (system contains one doxorubicin molecule and one model PEG/heparin construct). 

The four images show the molecular structures in different states of the system during the 

simulation. (a) The position and orientation of doxorubicin at time 0 (i.e. starting point) when 

placed near the PEG region of the model construct. (b) The doxorubicin position when the total 

energy is the highest (i.e. in the surrounding water). (c) The initial interaction of doxorubicin 

with the heparin part of the model PEG/heparin construct and (d) in the most stable condition) 

(see supplementary video S1 for full simulation). 
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Figure 4. Molecular dynamic simulation of the interaction of three molecules of doxorubicin 

(A, B and C) with the model PEG/heparin construct to more closely represent the experimental 

loading condition (standard loading). The starting positions of the doxorubicin molecules were 

as follows: molecule A near the PEG region, molecule B in the water near the PEG/heparin 

border, molecule C near the heparin region. (a) The position of the three doxorubicin molecules 

near the beginning of the simulation. (b) The least stable conformation of the system – during 

transit of doxorubicin A to the heparin region. (c) The conformation of the most stable (i.e. 

lowest total energy) of the 100 ns simulation. Note that although doxorubicin A appears in 

close proximity to doxorubicin C, no π- π stacking is apparent at this stage (see Supplementary 

Video S2 for full simulation). 
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Figure 5. Heparin-based microcarriers load doxorubicin and release it in a controlled manner 

over an extended timeframe without a burst release. (a) A schematic depiction on the loading 

conditions used for electrostatic binding of doxorubicin to the heparin component of the 

microcarriers. (b) Brightfield microscopy images of the microcarriers and the subsequent color 

change upon loading with doxorubicin. (c) Qualitative confocal laser fluorescence microscopy 

analysis of the doxorubicin loaded microcarriers showing the intrinsic fluorescence of 
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doxorubicin (red) overlapping with the struts of the microcarrier (white). (d) The cumulative 

release profile of doxorubicin was measured for microcarriers loaded with two different 

concentrations of doxorubicin (66.6 µg doxorubicin/mg microcarriers “standard loading” or 

133.3 µg doxorubicin/mg microcarriers “high loading”), with the subsequent percentage 

released shown in panel (e). 
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Figure 6. Doxorubicin loaded microcarriers reduce the viability of MCF-7 breast cancer cells 

in vitro. Microcarriers loaded with 40 µg doxorubicin/mg of microcarrier caused a reduction 

in MCF-7 viability after (a) 1 day and (b) 3 days of incubation. Unloaded microcarriers caused 

no loss in cell viability. Doxorubicin at a concentration of 4 µg/mL in medium was used as a 

positive control (n=4). (c) Representative brightfield images of the MCF-7 cells after 3 days in 

culture. Black arrows indicate microcarriers (out of focus as above the plane of the cells). Scale 

bars: 100 µm.   
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Figure 7. Doxorubicin-loaded microcarriers reduce the viability of triple negative MDA-MB-

231 breast cancer cells in vitro. Microcarriers loaded with 40 µg doxorubicin/mg of 

microcarrier caused very little reduction in cell viability after 1 day of incubation (a), but a 

decrease in viability was observed after 3 days of incubation (b). Unloaded microcarriers 

caused no loss of cell viability. Doxorubicin at a concentration of 4 µg/mL was used as a 

positive control (n=4). (c) Representative brightfield images of the MDA-MB-231 cells after 

three days in culture. Black arrows indicate microcarriers (out of focus as above the plane of 

the cells). Scale bars: 100 µm.  
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Figure 8. Doxorubicin loaded microcarriers reduce orthotopic breast cancer growth, tumor 

weight and metastasis in vivo. (a) Schematic of the experimental approach. (b) Treatment of 
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tumor-bearing mice either with doxorubicin-loaded microcarriers (80 μg doxorubicin/mouse 

“standard loading” and 160 μg doxorubicin/mouse “high loading”) or doxorubicin (80 

μg/mouse) administered by intravenous dosing. Tumor growth was monitored in vivo by 

noninvasive, cancer cell-specific bioluminescence imaging (two-way ANOVA).  (c) 

Representative bioluminescence composite image at week 6. (d) Primary tumor weights were 

assessed at the end of the study (week 6) (one-way ANOVA). (e) Heat map of metastatic spread 

of cancer cells to organs at week 6. Error bars are hidden in the plot-symbol when not visible, 

n=5 for the high loading microcarrier group (week 1 to 3) and then n = 4 for rest of study. 

Statistical difference is indicated in comparison to control groups where *P < .05, **P < .01, 

and ***P < 0.001. 
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Focal drug administration via heparin-containing cryogel microcarriers reduces cancer 

growth and metastasis 

 

Ben Newland*, Carmine Varricchio, Yvonne Körner, Franziska Hoppe, Christian Taplan, 

Heike Newland, Dimitri Eigel, G. Tornillo, Dagmar Pette, Andrea Brancale, Petra B. Welzel, 

F. Philipp Seib, Carsten Werner 
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Figure S1. A graphic depiction of the reaction mechanism for microcarriers synthesis from 

poly(ethylene glycol) and heparin.   
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Figure S2. Fourier-transform infrared (FTIR) spectroscopy analysis of heparin, PEG and the 

PEG/heparin microcarriers proving incorporation of heparin into the microcarrier structure.  
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Figure S3. Molecular dynamic simulation of the interaction of doxorubicin with the model 

PEG/heparin construct, with an initial doxorubicin position near the heparin region. The 

graph shows the variations of total energy of the system during the simulation. The three 

images (a-c) show the molecular structures at different states of the system during the 

simulation: a) the position and orientation of doxorubicin at time 0 (starting point), with little 

change in position (b) until the system energy is at its minimum (i.e. the most stable condition) 

(c). This simulation clearly shows that doxorubicin remains bound to the heparin region of the 

model construct rather than moving to the PEG region (see supplementary video S3 for full 

simulation). 
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Figure S4. A second PEG/heparin model construct for molecular dynamic simulations but 

without the fluorophore: (a) Molecular structure of the model PEG/heparin construct created 

from one PEG molecule and one heparin molecule (i.e. the same molar ratio as used for 

microcarrier preparation). (b) Graph showing the root-mean-squared distance (RMSD) vs time 

for the model PEG/heparin construct in water (n=3), from which the representative folded 

structure (used for subsequent computational analyses) was derived, shown rendered in (c). 
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Figure S5. Molecular dynamic simulation of the interaction of doxorubicin with the second 

model PEG/heparin construct (without fluorophore). The graph shows the variations of total 

energy of the system during the simulation (system contains one doxorubicin molecule and one 

model PEG/heparin construct). The four images show the molecular structures in different 

states of the system during the simulation. (a) The position and orientation of doxorubicin at 

time 0 (starting point) placed near the PEG region of the model construct. (b) The doxorubicin 

position when the total energy is the highest (in the surrounding water). (c) The initial 

interaction of doxorubicin with the heparin part of the model PEG/heparin construct. (d) The 

situation where the system energy is at its minimum (i.e. the most stable condition). This 

simulation clearly shows preferential binding of doxorubicin to the heparin region rather than 

the PEG region of the construct (see supplementary video S4 for full simulation). 
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Figure S6. Molecular dynamic simulation of the interaction of three molecules of doxorubicin 

with the second model PEG/heparin construct (i.e. without fluorophore) to more closely 

represent the experimental loading condition. The starting positions of the doxorubicin 

molecules were as follows: molecule A near the PEG region, molecule B in the water near the 

PEG/heparin border, molecule C near the heparin region. (a) Shows the position of the three 

doxorubicin molecules near the beginning of the simulation. (b) Shows the least stable 

conformation of the system – during transit of doxorubicin A to the heparin region. (c) The 

conformation of the most stable (lowest total energy) of the 100 ns simulation – note that 

although doxorubicin A appears in close proximity to doxorubicin C, there does not appear to 

be any π- π stacking at this stage (see Supplementary Video S5 for full simulation).   
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Figure S7 – (a) Proposed interaction of doxorubicin with the sulfate groups of microcarriers. 

(b) Analysis of the uptake of doxorubicin to the microcarriers at either 66.6 µg dox/mg MC 

“standard loading” or 133.3 µg dox/mg MC “high loading (n=3, error bars represent ± standard 

deviation). (c) Table of values used to calculate the drug/heparin or drug to sulfate group ratio, 

when 1 mg of microcarriers are loaded with either 66.6 or 133.3 µg of doxorubicin. 

 

 

 

 

 

 

Table S1 – Analysis of RMSD, van der Waals energy, Coulomb’s energy and total energy 

throughout the simulation trajectory described in Figure 3 and Supplementary Information 

Video S1. 
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Time 
steps RMSD (Å) Coulomb's energy 

(kcal/mol) 
vdW energy 

 (kcal/mol) 
Total energy  

(kcal/mol) 

(ns) Range difference range mean range mean range mean 

0-10  2.07 to 0 2.07 1.64 to -8.34 -0.74 -3.63 to -25.68 -13.93 -3.66 to -30.11 -15.58 

10-20 11.80 to 1.84 9.96 0.92 to -3.01 -0.08 0 to -16.32 -2.01 -3.12 to -20.83 -2.34 

20-30 10.50 to 7.57 2.93 - 0.15 to -16.82  -7.50 -7.77 to -27.95 -15.81 -9.36 to -29.97 -21.47 

30-40 10.75 to 7.95 3.18 -1.37 to -14.58 -6.77 -6.92 to -27.58 -16.57 -11.49 to -33.92 -21.98 

40-50 10.58 to 7.76 2.82 1.20 to -13.72 -5.11 -4.58 to -29.07 -17.92 -4.27 to -40.89 -26.65 
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Figure S8. Mouse weight (a) and heart weight (b) were not affected by the administration of 

the microcarriers (error bars represent ± standard deviation, no significant difference between 

groups was shown (one-way ANOVA with Tukey’s multiple comparison test where a P-value 

≤ .05 was considered a statistically significant difference)).   

 


