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Abstract

T-cell immunotherapy is a promising approach for cancer, infection, and autoimmune diseases. 

However, significant challenges hamper its therapeutic potential, including insufficient activation, 

delivery, and clonal expansion of T-cells into the tumor environment. To facilitate T-cell activation 

and differentiation in vitro, core–shell microparticles are developed for sustained delivery of 

cytokines. These particles are enriched by heparin to enable a steady release of interleukin-2 

(IL-2), the major T-cell growth factor, over 10+ d. The controlled delivery of cytokines is used to 

steer lineage specification of cultured T-cells. This approach enables differentiation of T-cells into 

central memory and effector memory subsets. It is shown that the sustained release of stromal cell-

derived factor 1α could accelerate T-cell migration. It is demonstrated that CD4+ T-cells could be 

induced to high concentrations of regulatory T-cells through controlled release of IL-2 and 

transforming growth factor beta. It is found that CD8+ T-cells that received IL-2 from 

microparticles are more likely to gain effector functions as compared with traditional 

administration of IL-2. Culture of T-cells within 3D scaffolds that contain IL-2-secreting 

microparticles enhances proliferation as compared with traditional, 2D approaches. This yield a 

new method to control the fate of T-cells and ultimately to new strategies for immune therapy.
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In this work, we developed biocompatible microparticles that delivered a variety of 

cytokines that influence the proliferation and differentiation of cultured, primary T-cells. 

Augmentation and engineering of immune responses have major applications in combating 

cancers, and enriching regulatory immune cells has potential roles in suppressing transplant 

rejection and in mitigating autoimmune and allergic diseases. There are a number of 

challenges to adoptive T-cell therapies,[1] especially in skewing bulk cultures of T-cells 

toward desired outcomes. Both cytotoxic (CD8+) T-cells, endowed with the ability to kill, 

and helper (CD4+) T-cells, endowed with the dedicated production of cytokines, are needed 

for clearing cancers and modulating aberrant responses. Controlled manipulation of these 

populations will be the key to successful immunotherapies.

A number of groups have developed polymeric carriers, such as microparticles, liposomes, 

or micelles for delivering biomolecules.[2] Such particles have be used to modulate the 

Majedi et al. Page 2

Adv Mater. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immune system by delivering antigens, vaccines, adjuvants, and drugs.[3] While the focus of 

prior work has mainly been on enhancing stability or solubility of the delivered molecules, 

little has been done on sustained release and its impact on therapeutic efficacy compared to 

burst release.[4] Here, we demonstrate enhancements over traditional approaches due to 

controlled release of cytokines to T-cells.

Tuning the effector functions of T-cells requires the presence of cytokines during activation. 

Certain cytokines, such as interleukin-2 (IL-2), enhance proliferation and affect the balance 

of effector versus memory cytotoxic T-cell differentiation.[5] The “strength” of IL-2 signals 

plays a crucial role in facilitating the acquisition of effector phenotypes in CD8+ T-cells.[5] 

However, few studies have been carried out to investigate the effect of engineered 

administration of this cytokine.[6] In undifferentiated CD4+ T-cells, IL-2 can act in synergy 

with transforming growth factor-beta (TGF-β) to promote the generation of induced 

regulatory T-cells (iT-reg).[7]

In this study, polymeric particulate systems loaded with cytokines were designed to exhibit 

tunable release profiles. Alginate and heparin, natural biopolymers, were chosen for our 

platform to encapsulate IL-2 due to their biocompatibility and facile gelation via calcium 

ions.[8] Traditional methods for the formation of polymeric microparticles such as 

microemulsions have been gradually replaced by microfluidic approaches[9] because of the 

better control over particle size and distribution (narrower polydispersity). Here, we 

employed a T-shaped droplet generator to form our polymeric microparticles at desired 

sizes. A protective shell of chitosan with desired thickness was applied to tune the rate of 

IL-2 release. To assess the potential for activation in a 3D environment and the effect of 

extended provision of cytokines, lymphocytes were seeded into bioengineered scaffolds 

imbued with cytokine release. Our data show that the tuning of release of cytokines can be 

used to regulate the suppressive and cytotoxic potentials of T-cells.

To form microparticles, we used a microfluidic device featuring a droplet generator (Figure 

1a). Using a hydrophobic sheath fluid of mineral oil+ Span 8%, we generated alginate-

heparin (Alg-Hep) microparticles comprising various concentrations of polymer from 0.5 to 

5 wt%/v (as shown in Figure 1b, and a well-controlled micromixer (Figure 1c)). The flow 

ratios were tuned to make spherical Alg-Hep microdroplets of different diameters from 400 

nm to 30 μm (Figure 1d). To achieve complete gelation of the resulting particles, they were 

stored in CaCl2 solution with different Ca++ concentrations (50–200 × 10−3M) for 40 min 

[Materials and Methods are available as Supporting Information]. Tuning the mesh size as 

an indicator for nanoscale porosity of the particles can affect the release rate of the 

entrapped proteins. To calculate the mesh sizes, we measured the swelling ratio of the 

microparticles. Calculations were done based on the Flory–Rehner method.[10] Estimated 

mesh size values of the Alg-Hep microparticles as a function of calcium ion and polymer 

concentrations are shown in Figure 1e. Higher cross-linking densities resulted in 

microparticles with smaller mesh sizes. These results show that a variety of particle and 

mesh sizes were achieved in our work.

To enhance cytokine binding, we modified the alginate biopolymer with heparin. To 

incorporate heparin into alginate structure, activated carboxylic acid groups on heparin 
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chains were covalently reacted with diamine-modified alginate through an aqueous 

carbodiimide reaction. We examined the relationship between the initial amount of heparin 

and the final conjugated value, and found that our process saturated at 1.5 nmol of heparin 

per mg alginate (see Figure S1 in the Supporting Information). The intrinsic affinity of IL-2 

to heparin has been reported before.[11] To measure the binding of IL-2 to alginate, heparin, 

and Alg-Hep functionalized surfaces, we employed real-time biolayer interferometry (Figure 

1h). We found that Alg-Hep and IL-2 undergo a high affinity interaction (KD = 30.6 × 

10−9M) compared to the unmodified alginate (110 × 10−9M) (Figure 1f). These results show 

that our heparin-modified particles improved the binding of IL-2 over alginate particles 

alone.

To assess the amount of IL-2 we could bind to our particles, they were incubated with 

different concentrations of IL-2 (1–1000 ng mL−1) for 12 h at 37 °C and after washing, 

microparticles were dissolved and the amount of released IL-2 was measured using enzyme-

linked immunosorbent assay (ELISA). As shown in Figure 1g, the presence of heparin 

significantly enhanced the IL-2 loading content and efficiency (Figure 2, Supporting 

Information) of the microparticles. The IL-2 binding efficiency of alginate and Alg-Hep 

microparticles was also evaluated when designated amounts of IL-2 (1–100 ng mL−1) were 

mixed with alginate prior to microfluidic droplet formation and subsequent washing steps 

(see Figure 3 in the Supporting Information). To assess whether there was a size dependence 

to the loading, we tested the binding efficiency of Alg-Hep particles sized 1–35 μm. We 

found a modest relationship of IL-2 loading to the particle size using both loading methods 

(Figure 4, Supporting Information). These results show that large amounts of IL-2 can be 

integrated into our particles.

To control the timing of the release of IL-2 from the particles, we sought to coat the alginate-

heparin particles with a layer (“shell”) of chitosan. We prepared a microfluidic device that 

controls residence time of particles and thus allows for increasing amounts of coating over 

time. In the second microfluidic device (serpentine micromixer; Figure 1d), mixing and 

laminar flows are the predominant mechanisms of mass transfer, where the coating process 

mainly occurs at the microscale and is controlled through manipulation of the residence 

time.[12] The serpentine micromixer was designed using a 3D printing and structure-removal 

approach[13] (see Figure S5 in the Supporting Information). By controlling the flow rate, and 

thus residence time, of particles in this device, we coated them with varying amounts of 

chitosan. To assess the thickness of chitosan, we coated with chitosan–rhodamine-B-

isothiocyanate (RITC) with various residence times and measured the resulting thickness of 

the chitosan shell by fluorescence microscopy (Figure 1e). These results show that our 

microfluidic device could successfully coat alginate-heparin particles with chitosan.

To assess the effect of chitosan coating on the timing of release of IL-2, we measured the 

release of IL-2 from Alg-Hep microparticles in the presence or absence of chitosan layer 

sequentially over 18 d. We found that release of IL-2 from chitosan-coated microparticles 

was slower than from noncoated ones. By mixing coated and noncoated particles we could 

tune the release profile of IL-2 (Figure 1j). This tuning capability over the microscale release 

of IL-2 and its diffusion coefficient (Figure 1k) under different applied conditions were also 

investigated. To estimate the diffusion coefficient of IL-2 out of the particles, we examined 
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the initial linear part of the plots (Figure S6, Supporting Information) and employed Fick’s 

law [Equation (1)][14]

(1)

where Mt/M∞ represents the fraction of released drug at time t, D is the diffusion coefficient 

of IL-2 molecules, and R is the radius of the particles (6.1 μm). The calculated diffusion 

coefficients are shown in Figure 1k. These results show that chitosan-coated particles have 

lower diffusion coefficients than noncoated ones, which is desirable for controlling the 

release of cytokines over time.

To test whether application of IL-2 could improve cytotoxic T-cell activation, we employed 

our particles in the activation of CD8+ T-cells. Different microparticles with similar loading 

efficiencies were synthesized and loaded with IL-2. Purified naïve CD8+ T-cells were 

activated with anti-CD3 and anti-CD28 as described in Experimental Section. After 2 d, 

cells were replated with different types/ratios of particles (Figure 2a). To first ensure that the 

particles were not toxic, we evaluated the viability of CD8+ T-cells after 12 and 48 h of 

coculture with non-coated and coated particles, and saw that even at very high ratios of 

particle (coated or noncoated) to cells (100:1) the cellular viability was more than 79% after 

48 h of culture (Figure S7, Supporting Information). This confirmed the nontoxicity of the 

particles. IL-2 is critical to support T-cell survival and proliferation. Without addition of IL-2 

in culture, cell viability decreased dramatically over a few days (Figure 2b, white bars). We 

compared the viability of T-cells in the presence of particles versus two conditions: first, 

refreshing media and IL-2 approximately every 2 d (Figure 2b, black bars); and second, 

supplied with IL-2 only at the beginning of experiment and then fresh media was changed 

every 2 d (Figure 2b, green bars). We found that CD8+ T-cell viability was comparable when 

employing IL-2 releasing particles (coated, uncoated, and mixed) as when frequently 

refreshing soluble IL-2 (Figure 2b). This result demonstrates that sustained release of IL-2 

from our particles could sustain the viability of T-cells over 10 d.

To distinguish the effect of IL-2 signal strength versus its rate of elaboration from the beads, 

we studied the differentiation of CD8+ T-cells upon fixing the microparticle type and 

adjusted the ratio of particles to cells. Activated CD8+ T-cells downregulate the IL-7 

receptor alpha (CD127), upregulate the IL2 receptor alpha (CD25), and cleave the 

extracellular domain of CD62L. To this end, experiments were done under three different 

conditions where we had an equal number of cells and particles at the beginning of the 

experiment; the number of particles was twice the number of cells or vice versa. At different 

time points during a 12 d period, cells were harvested and stained against certain cell surface 

markers known to be associated with effector or memory cell phenotypes. Up/

downregulation of CD62L, CD127, CD25, CD44, and CCR7 proteins on cell surface was 

monitored by flow cytometry over time, and we showed that the presence of microparticles 

did not interfere with staining for flow cytometry (Figure S8, Supporting Information). We 

found that after 7 d in culture with the particles, CD8+ T-cells in the wells with a 1:2 ratio of 
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noncoated particles:cells (experiencing stronger IL-2 signals) showed the proportion of cells 

that were CD62Lhi was 32.3%, whereas the cells exposed to 1:1 or 1:2 ratios of 

cells:particles showed only 20.7% and 23.0% CD62Lhi, respectively (Figure 2c). Similarly, 

we saw the high ratio cells showed more downregulation of CD127 than the ones exposed to 

a lower ratio of particles (Figure 2d). In addition, we saw that the high ratio cells showed 

more upregulation of CD25 than the ones exposed to a lower ratio of particles (Figure 2e). 

These results show that higher exposure to IL-2 signal induced more effector-like 

phenotypes (CD62Llo, CD127lo, and CD25hi), whereas cells exposed to lower IL-2 became 

a central memory-like phenotype (CD62Lhi, CD127hi, and CD25lo).[15,16] It has also been 

shown that microparticles do not interfere with FACS staining (Figure S8, Supporting 

Information)

The same set of evaluations was performed on CD8+ cells cultured with different ratios of 

coated particles. These cells experienced the same overall dosage of IL-2 comparable to 

their noncoated compartments but the coating reduced the rate of IL-2 release. For the 

activation markers chosen, the general pattern of responses that the CD8 T-cells showed was 

similar (Figure 2f–h). Thus, the number of particles was the dominant factor in activation 

and differentiation. Our results suggest that the ratio of IL-2 secreting particles to cells 

drives a major impact in CD8+ T-cell differentiation.

Memory T-cells are classified according to heterogeneity of surface marker expression, 

effector functions, and homing tissue compatibility. Effector memory T cells (TEMs) 

provide immediate protection, while central memory T cells (TCMs) are responsible for the 

generation of additional effector cells.[17] Whether these two subsets behave differently in 

terms of cytolytic activity or which of them holds higher promise for further applications is 

unclear.[17,18] All activated T-cells and memory T-cells, even quiescent, show an 

upregulation and splicing change of CD44, which facilitates rapid extravasation into 

inflammatory sites through interaction with hyaluronan.[19] The regulation of the chemokine 

receptor CCR7 as an essential surface marker for migration of T-cells into peripheral lymph 

nodes is well established.[20] CCR7 expression is a key factor in distinguishing TCMs from 

TEMs.[17] Generally, TCMs are considered CCR7+CD44hi CD62Lhi cells, while TEMs are 

considered CCR7-CD44hi CD62Llow cells.

To assess whether the rate of administration of IL-2 impacts cell fate, we monitored the 

differentiation of CD8+ T-cells under conditions where the release profiles were different 

but the ratios of particle to cells was held constant. We found that after 10 d, CD8+ T-cells 

cultured with coated particles at 1:1 ratio (cell: particle) showed the proportion of cells that 

were CD62Lhi was 35.5%, whereas the cells cultured with noncoated particles showed 10% 

less CD62Lhi cells (Figure 2c–v,f–iv). In culture with coated particles at 1:1 cell: particle 

ratio, the CD8+ T-cells showed a CCR7 MFI of 14 000, whereas the cells exposed to 

noncoated particles showed an MFI of 10 800 (Figure 3d). All T-cells showed the CD44hi 

marker of memory cells; it would be expected that recently activated, effector T-cells 

downregulate CD44 by d 5 to 6 after activation in the absence of ongoing antigen signal.[21] 

These results show that coated particles favor the formation of a central memory phenotype. 

(Figure 3a–ii,iv,c–ii,iv,e–ii,iv), while culture with noncoated particles favored the formation 

of a more effector memory phenotype (Figure 3a–i,iii,c–i,iii,e–i, iii).
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We attempted to further tune the release profile by mixing coated and noncoated particles 

(Figure 1j). We cultured CD8+ T-cells with a constant ratio of one particle per cell but 

employed coated, noncoated, and three different mixtures of un/coated particles (Figure S9, 

Supporting Information). Downregulation of CD127 was correlated with the rate of IL-2 

release. This result adds to our conclusion that the rate of IL-2 exposure (as well as the dose) 

to activated T-cells can skew the outcome of their differentiation.

During CD8+ T-cell activation, these cells induce expression of proteins such as the pore 

forming perforin and the protease granzyme B that are critical for their cytotoxic function.[5] 

In activated cells, different expression levels of each protein have been correlated to 

development of effector or memory cytotoxic T lymphocytes (CTLs).[22] Here, we sought to 

understand if different kinetics of IL-2 administration affected the expression of perforin and 

granzyme B. Naïve CD8+ T-cells were cultured on anti-CD3 anti-CD28 for 3 d and then 

moved to a nonstimulatory well that contained IL-2 in the media. Naïve T-cells expressed a 

minimal amount of perforin and very little granzyme B (data not shown). Granzyme B 

expression was higher when IL-2 was “recharged” into the culture media every other day as 

compared to a single load of IL-2 at the start (Figure 3g). We found even higher granzyme 

expression in culture conditions where there was a high ratio of particles to cells. (Figure 

3h–i). Perforin expression levels were higher with stronger and sustained IL-2 signals 

compared to low IL-2 or when IL-2 was not renewed (Figure 3hii). These results show that 

cytotoxic T-cell effect functions can be intensified over conventional approaches by 

providing IL-2 from microparticles.

Our microparticle platform has a broad capability to deliver a multitude of cytokines and 

growth factors. The electrostatic charge of heparin should allow for a broad set of proteins to 

be captured based on their isoelectric point. For example, we expected to easily load into our 

microparticles positively charged proteins like stromal cell-derived factor 1 (SDF-1α; pI: 

9.9), TGF-β (pI: 8.5), and interferon gamma protein (IFN-γ ; pI; 9.5). We performed loading 

experiments with these cytokines at 50 ng mL−1 and measured binding efficiency (Figure 

4a). We found excellent loading, with improved loading in the heparin-coated particles as 

compared to alginate alone. As shown, this platform has limited functionality for absorbing 

proteins that have negative charge at neutral pH like tumor necrosis factor alpha (TNF-α; pI; 

6.4).

To study the impact on migration of naïve and activated T-cells, we employed alginate-

heparin particles to encapsulate SDF-1α. Based on binding kinetics data (Figure S12, 

Supporting Information), heparin incorporation enhanced SDF-1α interaction with the 

alginate matrix. The sustained release of SDF-1α could also be controlled by a protective 

shell similar to the one proposed for IL-2 (Figure 4b) or it can be tuned based on the initial 

loading content of the cytokine (Figure S12c,d, Supporting Information). We measured 

migration of T-cells using a standard Transwell based technique where SDF-1α particles 

were placed below the Transwell and T-cells were placed above. T-cells were allowed to 

migrate in response to the eluted chemotactic gradient established across the Transwell. T-

cells were counted on both sides of the Transwell and their chemotactic index calculated. We 

found that the particles significantly enhanced the chemotaxis of T-cells across the Transwell 
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(Figure 4c,d). This result shows that chemokine-secreting particles can be used to direct the 

migration of T-cells.

We tested the ability of our microparticles to secrete TGF-β, a well-known growth factor 

that induces differentiation of naïve T-cells into iT-reg. T-regs express the transcription 

factor Foxp3 and play antigen-specific suppressive roles in a variety of autoimmune diseases 

including type 1 diabetes.[23] To evaluate the ability of our particles to generate iT-regs, we 

loaded Alg-Hep particles with TGF-β that released at three different concentrations (1, 5, 

and 15 ng mL−1). We cultured rigorously naïve CD4+ T-cells with anti-CD3 and anti-CD28 

for 4 d in the wells containing the Alg-Hep particles loaded with TGF-β at different 

concentrations and compared them to the soluble (no particles) counterparts at identical 

concentrations. The expression of Foxp3 was measured by flow cytometry (Figure 4h–i). In 

all of the conditions, either when TGF-β was manually added in the beginning of experiment 

or delivered using the particles, coated particles were added to deliver IL-2 (20 U mL−1) to 

the cells. To show the importance of the role that IL-2 plays in making iT-regs, for soluble 

TGF-β at the concentration of 15 ng mL−1, we did the measurements in both the absence 

and presence of IL-2 (Figure 4f left panels). Interestingly, in the presence of IL-2, Foxp3 

expression was ≈threefold greater compared to TGF-β only conditions with no addition of 

IL-2. In all concentrations of TGF-β as provided by the particles, Foxp3 expression was high 

(50%+). On the other hand, we found that at very high soluble concentrations of TGF-β, 

Foxp3 expression plateaued and was even slightly suppressed (Figure 4g). Furthermore, the 

MFI of Foxp3 directly relates to the suppressive capacity of the regulatory T-cells.[24] We 

found that the MFI of Foxp3 was highest when using particles to deliver TGF-β (Figure 4h). 

These results show that induced regulatory T-cells can be potently generated by the use of 

microparticles that secrete TGF-β and IL-2.

It has been reported that the inflammatory cytokines interferon gamma (IFN-γ) and tumor 

necrosis factor-α (TNF-α) can inhibit differentiation and cause apoptosis of stem cells.[25] 

Here, we tested whether the sustained release of IFN-γ from microparticles could affect the 

fate of human bone marrow mesenchymal stem cells. We measured apoptosis using flow 

cytometry after 7 d of coculture with stem cells and particles. We found that 30% of stem 

cells showed evidence of apoptosis when cultured with IFN-γ releasing coated/noncoated 

microparticles after 1 week. In comparison, particles lacking IFN-γ showed only 5% 

apoptosis (Figure S13, Supporting Information). These results show that particles can 

release IFN-γ that influences stem cell survival.

We sought to investigate the combination of secreted cytokines and 3D culture versus 2D 

culture in driving T-cell proliferation and differentiation (Figure 5a). We prepared a series of 

alginate-based scaffolds in the presence or absence of IL-2-carrying microparticles. These 

3D environments can mimic the in vivo context encountered by activated lymphocytes and 

give a better idea of the effects of spatiotemporal variables on cellular fate.[26] Scanning 

electron microscope (SEM) images of alginate-RGD scaffolds demonstrated their highly 

porous microstructure with an average pore size of 65 ± 4 μm (Figure 5b), which is ample 

space for mobility of T-cells. To turn the scaffold into a more favorable material for cell 

trafficking, RGD modification was performed (see Experimental Section). IL-2 was 

delivered to the cells either via soluble administration or through embedded particles. To 
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assess proliferation, the number of T-cells inside and outside the scaffold was measured after 

10 d of culture (Figure 5c). To test if RGD modification alone made the scaffold more 

favorable for cells to propagate, we measured the number of T-cells proliferating in alginate 

scaffolds versus alginate + RGD. We found a fourfold increase in the number of cells within 

the RGD-bearing scaffold. To assess the impact of stimulatory signals on proliferation, IL-2 

was either recharged manually at the concentration of 100 U mL−1 (about 7 ng mL−1) or 

IL-2 was released from coated and noncoated particles. We loaded the particles such that the 

total amount of IL-2 released from the one-particle-per-cell condition was the same as the 

soluble 100 U mL−1 condition. Our results show a significant increase in both the total 

number of cells and the number of cells in/outside the scaffold in particle-enriched scaffolds 

compared to the manual administration of soluble IL-2. These findings prove that particulate 

delivery of IL-2 is superior to soluble IL-2 in 3D structures. For a better clarification of the 

effect of 3D culture, the same surface markers, CD62L, CD127, and CD25 of each set of 

cells were compared to their 2D culture compartments (Figure 5d–g) alongside their mean 

fluorescence intensities (MFIs). We tested if release of IL-2 from the plain alginate scaffold, 

without particles, could provide a similar effect as the IL-2 particles. We found that in 

absence of particles it is not possible to provide sustain IL-2 release (Figure S14, Supporting 

Information), and treatment of the T-cells in such a scaffold failed to improve the number of 

memory or effector T-cells over time (data not shown). The differences between the released 

amounts were statistically very significant (p < 0.01). Here, we also evaluated the effect of 

3D culture on expression of perforin and granzyme B after 10 d of culturing in alginate-

RGD scaffolds. We found that both molecules were significantly induced in 3D culture and 

to a higher degree when particles were used to provide IL-2 (Figure 5h). Taken together, 

these data show the advantage of culturing CD8 T-cells in a supportive 3D 

microenvironment coupled with IL-2 secretion from microparticles.

To further assess the functionality of CD8+ T-cells activated in a 3D environment, we tested 

the in vitro cytotoxicity of T-cells using the standard chromium (51Cr) release assays. The 

cells were first stimulated with p33 antigen to test the antigen-specific cytotoxicity at 

different ratios of T-cells to tumor cells. All treated cells showed specific lysis of p33-coated 

target tumor cells (p < 0001). CD8+ T-cells cultured initially within a 3D scaffold and in 

presence of IL-2 secreting microparticles exhibited stronger cytolytic potential compared to 

the T-cells that were cocultured with microparticles in 2D. We also evaluated the kinetics of 

gaining cytotoxic activity of spleen-derived p33-specific T-cells after treatment with soluble 

IL-2, noncoated, and coated IL-2-loaded microparticles in 2D or 3D-alginate-RGD scaffolds 

(Figure 5j). T-cells treated with coated particles (i.e., that had slower IL-2 release), both in 

2D and 3D, demonstrated faster cytotoxicity compared to those cultured with noncoated 

particles or that received soluble administration of IL-2 (Figure 5j, Figures S15–17, 

Supporting Information). This effect was enhanced in the 3D environment as compared with 

2D. These results show that 3D culture of cytotoxic T-cells in conjunction with IL-2-bearing 

microparticles produces a potent system for antitumor activity.

In this paper, cytokines released from microparticles were shown to skew the activation, 

differentiation, proliferation, and effector responses of T-cells. This new capability is easily 

adaptable to influence the behaviors of other immune cells, including NK cells and B cells. 

The scaffold demonstrated here could be engineered to release chemoattractants such as 
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SDF-1α to enhance recruitment of T-cells into a tumor site or could release TGF-β to 

promote suppression of tissue specific autoimmunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Microfluidic generation and coating of alginate-heparin (Alg-Hep) microparticles for 

controlled release of IL-2. a) Schematic representation of a microfluidic droplet generator 

device, that is applied to form (Alg-Hep) microparticles via sheath hydrophobic flows. b) 

Diameter of Alg-Hep microparticles (1 wt%/v) is controlled by changing the volumetric 

flow rate ratio of aqueous to oil phase (○). Equilibrium diameter of microparticles as 

characterized after gelation process at calcium ion bath (●). Inset: microscopy image of a 

typical batch of Alg-Hep particles formed at flow ratio of 0.45. c) Microscopic images of 

Alg-Hep microdroplets formed at different flow ratios resulting in different sizes from 400 

nm to 30 μm. d) Schematic illustration of the serpentine micromixer used to coat Alg-Hep 

particles with chitosan layer. e) Quantification of mesh size analysis of microparticles as a 

function of calcium ion and Alg-Hep concentrations. f) Biolayer interferometry sensorgrams 

showing the binding kinetic of IL-2 to alginate, heparin, and Alg-Hep functionalized 

surfaces. g) Calculated dissociation constants (KD = koff/kon) based on the curve fittings for 

IL-2 bindings at various concentrations of 5–200 × 10−9M; Inset is the 3D representation of 

IL-2 (PDB ID: 1M47; colored based on hydrophobicity). h) IL-2 binding efficiency of 

alginate and Alg-Hep microparticles at various initial concentrations of IL-2 after 12 h of 

incubation. The presented data are expressed as average ± SD. The results were analyzed 
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using unpaired t-tests. NA: We could not make particles from 0.5% alginate and 50 × 10−3M 

calcium. i) Microfluidic tuning of coating thickness via changing the flow ratio between 

Alg-Hep particles and chitosan polymers. Inset: Fluorescence images of RITC-labeled 

chitosan coated Alg-Hep particles. IL-2 release kinetic of microfluidic-synthesized 

microparticles prepared from different precursor formulations in PBS at 37 °C j) and 

calculated diffusion coefficients of studied microparticles (k).
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Figure 2. 
Role of interleukin-2 presentation on differentiation of cytotoxic T-cells. a) Schematic 

representation of CD8+ T-cells and microparticles coculture. b) Effects of IL-2 release on 

viability of CD8+ T-cells. All data are presented as average ± SD. The results were analyzed 

using unpaired t-tests. For all of the tests, the threshold was set to p < 0.05 for “statistically 

significant” and p < 0.01 was for “statistically very significant.” The thresholds *p < 0.05 

and **p < 0.01 were obtained between each group and the control group without IL-2 

treatment (negative control). On the other hand, #p < 0.05 and ##p < 0.01 are between each 

treatment and the cells treated by IL-2, with recharge (positive control). c) Kinetics of 

CD62L expression when purified naïve CD8+ T-cells were stained with antibodies against 

CD62L ex vivo and after priming for 2 d with anti-CD3 + anti-CD28 (day 2). Histograms 

are representative of day 12 marker expression on cells after treatment with one noncoated 

particle per two cells i), one particle per cell ii), and two particles per cell iii) as IL-2 

releasing agents. iv) The MFI of CD62L expression during the treatment. d) Regulation of 

IL-7Ra (CD127) re-expression after priming in three different ratios of cell to particle at 

days 7 i), 10 ii), and 12 iii) and MFI of cells in these conditions over time iv). e) Flow 

cytometric analysis of IL-2Ra and IL-7Ra coexpression when treated with noncoated 

microparticles at particle: cell ratios of i) 1:2, ii) 1:1, and iii) 2:1. Percentage of cells that fall 

in the category of memory T-cells (CD 25-, CD127+) iv), or effector cells (CD25+, CD127−) 

v) in three different IL-2 concentrations over time. f) Kinetics of CD62L expression after 
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incubation of activated CD8+ T-cells with coated microparticles stained with antibodies 

against CD62L ex vivo at particle: cell ratios of 1:2 i), 1:1 ii), and 2:1 iii). Histograms are 

representative of day 12 marker expression. iv) The MFI of CD62L staining is shown. g) 

The regulation of IL-7Ra (CD127) re-expression after priming in three different ratios of 

cells to coated particles at days 7 i), 10 ii), and 12 iii) and MFI of cells in these conditions 

over time iv). h) Analysis of IL-2Ra and IL-7Ra coexpression when treated with noncoated 

microparticles at three different ratios of i) 1:2, ii) 1:1, and iii) 2:1 to the cells. Percentage of 

cells that fall in the category of memory T-cells (CD 25−, CD127+) iv), or effector cells 

(CD25+, CD127−) v) in three different IL-2 concentrations over time is represented. In (c–

h), the presented data are expressed as average ± SD. The results were analyzed using 

unpaired t-tests.
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Figure 3. 
Different profiles of IL-2 administration to CD8+ T-cells impacts differentiation of them to 

central or effector memory cells. a) Flow cytometric analysis of CD44 and CD62L 

coexpression at two cells per particle a,i–iv), one particle per cell c,i–iv), and two particles 

per cell e,i–iv). i) noncoated particles or ii) coated particles in each set (day 12). Percentage 

of effector cells (CD44+CD62L−) in each case iii) or memory (CD44+CD62L+) phenotype 

iv). Histograms of CCR7 expression of memory subset of cells,b),d), and f), when cells are 

treated with noncoated particles i) or coated ii) particles and their MFIs iii) at day 12. g,h) 

Flow cytometric analysis of granzyme B (i) and perforin (ii) expressions as a function of 

treatment modality and time. The presented data are expressed as average ± SD. The results 

were statistically analyzed using unpaired t-tests.
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Figure 4. 
Engineered microparticles can deliver other signals beside IL-2. a) Binding capacity of 

alginate-heparin microparticles was evaluated after incubating them with various cytokines 

at constant concentration of 50 ng mL−1 for 12 h at 4 °C and under continuous, gentle 

shaking. b) Release profile of SDF-1α cytokine from noncoated Alg-Hep microparticles at 

37 °C. SDF-1α releasing microparticles (in the bottom of the well) generate a sustained 

gradient to recruit local T-cells as schematically illustrated in (c). d) Quantification of 

relative T-cell’s migration (chemotactic index) for active T-cells after 2 h of coculture with 

noncoated Alg-Hep microparticles at different initial loadings. The presented data are 

expressed as average ± SD. e) Sustained release of TGF-β mediates development of induced 

regulatory T-cells (iT-reg cells). f–i) Flow cytometric analysis of iT-reg development was 

assessed and judged by Foxp3 and CD25 coexpression after coculture of naïve CD4+ T-cells 

with anti-CD3 and anti-CD28 for 4 d. The indicated range of TGF-β concentrations was 

applied either in a soluble format or via noncoated microparticles at the same time as 

activation signal. All the samples contained IL-2 releasing coated microparticles that 

delivered 20 U mL−1 IL-2 during treatment. Control experiments (f) left panels) were also 

performed to show the effect of IL-2 presence in the constant concentration of TGF-β (15 ng 

mL−1).
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Figure 5. 
Performance boost from encapsulation in scaffold. a) Schematic representation of scaffold 

approach to deliver pre-activated T-cells and IL-2 loaded microparticles. b) Electron 

microscopy image of the prepared alginate-RGD scaffold. Scale bar: 100 μm; Inset: 

Macroscopic image of a freeze-dried scaffold. c) Number of cells inside and outside the 

scaffolds 10 d after incorporation of T-cells into the scaffold and in absence or presence of 

IL-2 (soluble administration or released by microparticles). The presented data are expressed 

as average ± SD. The results were statistically analyzed using unpaired t-tests. *p < 0.05 and 

**p < 0.01 are between numbers of cells inside each scaffold and the control alginate-RGD 

scaffold with soluble IL-2 (positive control). #p < 0.05 and ##p < 0.01 are between number 

of cells outside each scaffold and the control alginate-RGD scaffold with soluble IL-2 

(positive control). d) Regulation of IL-7Ra (CD127) re-expression after 10 d of treatment in 

presence or absence of scaffold and MFI of cells in these conditions e). f) The quantification 

(MFI) of CD62L expression after 10 d of treatment. *p < 0.05 and **p < 0.01 are between 

the samples treated with and without using the alginate-RGD scaffold. g) Flow cytometric 

analysis of co-expression of IL-2Ra and IL-7Ra for scaffold-based treatment with soluble 

IL-2 i), noncoated ii), and coated iii) microparticles at constant ratio of one particle per cell. 

Quantitative evaluation of the percentage of cells that fall in the category of memory T-cells 
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(CD 25−, CD127 +) versus effector cells (CD25+, CD127−) after 10 d of treatment in 

different conditions iv). **p < 0.01 is between the samples treated with and without using 

the alginate-RGD scaffold; CD25+, CD127− group. #p < 0.05 is between the samples treated 

with and without using the alginate-RGD scaffold; CD 25−, CD127+ group at day 10. h) 

CD8+ T-cells were MACS-purified, FACS-sorted, and cocultured with soluble IL-2 or IL-2 

loaded microparticles in 2D or 3D cultures for 10 d. Western blot analysis show levels of 

perforin and granzyme B. β-actin was used as loading control. i) Chromium (51Cr) release 

assays comparing antigen (p33)-specific (circles) and nonspecific (triangle) cytotoxicity of 

treated T-cells with different methods in 2D (empty circles) versus 3D (filled circles) 

cultures after 12 h in the indicated T-cells to tumor cells ratios. j) Kinetics of cytotoxic 

activity of p33-specific T-cells after treatment with soluble IL-2, noncoated, and coated 

IL-2-loaded microparticles in 2D (empty circles) and in 3D alginate-RGD scaffold (filled 

circles). Cytotoxic activity of spleen-derived, in vitro treated, CD8+ T-cells was analyzed 

using chromium assay. Specific tumor lysis was determined at the indicated time points (30 

min, 2, 4, 6, and 12 h) of incubation. Cytotoxic activity was examined at four different ratios 

(30:1, 7:1, 3:1, and 0.75:1) of treated T-cells to tumor cells. The data are presented as 

average ± SD of five independent samples. The presented data are expressed as average ± 

SD. The results are analyzed using unpaired t-tests. In (h) and (j), p33-treated and nontreated 

T-cells are significantly different (p < 0.001).
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