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ABSTRACT 

pH-responsive polymeric nanoparticles are an exciting class of stimuli-responsive 

materials that can respond to changes in pH and, as a result, have been developed for numerous 

applications in biomedicine such as the loading and delivery of various cargo. One common 

transformation is a nanoparticle swelling due to the protonation or deprotonation of specific side 

chain moieties in the polymer structure. When the pH trigger is removed, the swelling can be 

reversed, and this process can be continually cycled by adjusting the pH. In this work, we are 

leveraging this swelling-deswelling-reswelling mechanism to develop a simple, fast and easy 

loading strategy for a class of crosslinked polymeric nanoparticles, poly-2-(diethylamino) ethyl 

methacrylate (pDEAEMA), that can reversibly swell below pH 7.3, and a dye, rhodamine B 

isothiocyanate (RITC), as a proof-of-concept cargo molecule while comparing to poly methyl 

methacrylate (pMMA) nanoparticles as a non-swelling control. A free radical polymerization was 

used to generate pDEAEMA nanoparticles at three different sizes by varying synthesis 

temperature. Their pH-dependent swelling and deswelling was extensively characterized using 

dynamic light scattering and transmission electron microscopy which revealed a reversible 

increase in size for pDEAEMA nanoparticles in acidic media, whereas pMMA nanoparticles 

remain constant. Following dye loading, pDEAEMA nanoparticles show significant fluorescence 

intensity when compared to pMMA nanoparticles, suggesting that the reversible swelling is key 

for successful loading. Upon acidic treatment, there is a significant decrease in the fluorescence 

intensity when compared to the dye-loaded nanoparticles in basic media which could be due to 

dilution of the dye when released in the acidic media solution. Interestingly, nanoparticle size had 

no impact on dye loading properties suggesting that the dye molecules only go so far into the 

polymer nanoparticle. Additionally, confocal microscopy images reveal pDEAEMA nanoparticles 

with higher RITC fluorescence intensity and contrast in acidic media, but a lower RITC 

fluorescence intensity and contrast in basic media while pMMA nanoparticle show no differences. 

Together, these results showcase a size reversibility driven cargo loading mechanism that has 

potential to be applied to other beneficial cargo and for various applications.  
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INTRODUCTION  
 

Active nanomaterials hold great promise in a range of application areas, including 

agriculture, medicine, and sensing, and are often made from stimuli-responsive polymers which 

are a special class of polymeric materials that can respond to changes in their environmental 

conditions and are thus often referred to as smart or intelligent materials.1-3 These polymers can be 

synthesized to respond to various stimuli such as temperature4, 5, pH6, 7 , light8, and redox9-11, 

among others. For instance, temperature-responsive polymers like poly(N-isopropylacrylamide), 

pNIPAM, undergo a phase separation at specified critical phase transition temperatures,4 whereas 

redox-responsive polymers like polypropylene sulfide (PPS) undergo transitions in solubility or 

degradation in the presence of reactive oxygen species.12 With this breadth of stimuli available, 

progress in this field has led to novel polymeric materials that are responsive to more than one 

stimulus such as those that contain both a temperature – and pH – responsive group that can 

undergo differential changes when either temperature or pH is introduced.13 Given the tunable, 

smart, and predictable nature of these materials, they have been developed or envisioned for 

numerous applications in biomedicine such as cargo delivery agents and sensors.1, 2 More recently, 

several stimuli-responsive nanoparticles are being carefully designed and synthesized for 

applications in sustainable agriculture14 and due to their active nature, stimuli-responsive polymers 

have also drawn interest in this field.15-17  

Of the various stimuli available, pH has obvious benefits for biomedical applications due 

to the natural pH gradient present in cellular environments, especially in cancerous cells.18 

Additionally, plant components like the leaf apoplast have similar pH gradients that allow for pH 

to be a viable trigger in agricultural applications.19, 20 A characteristic feature of pH-responsive 



 4 

polymers is the presence of ionizable moieties in their structure that can be protonated or 

deprotonated as the pH changes, driven by the polymer’s pKa. Thus, when choosing a pH-

responsive polymer for a desired application, it is important to be mindful of the pH range in which 

a response is desired.21 Another important factor to consider is the structural properties of the 

polymers, which can be synthesized as linear, crosslinked, branched, or networked forms that are 

often assembled to form polymer-based nanoparticles (or polymeric nanoparticles).22, 23 In 

addition, exposure to pH changes can impact polymer nanoparticle structure, inducing 

disassembly, swelling, or rearrangement due to the aforementioned ionization.7, 21 The work 

detailed herein will focus on pH-induced changes to polymer nanoparticle swelling, a pH-

dependent size transformation of polymers that results in an increase in size. More specifically, 

this occurs in 3 sequential events following pH exposure: 1) the protonation or deprotonation of 

polymer pendant groups, 2) charge build up to generate electrostatic repulsion throughout the 

polymer structure, and 3) size increase (or swelling).   

A commonly used pH-responsive polymeric nanoparticle, and one investigated here, is 

poly-2-(diethylamino)ethyl methacrylate (pDEAEMA). pDEAEMA nanoparticles are easy to 

synthesize and are prepared from commercially available and inexpensive starting materials 

making them advantageous over other pH-responsive materials.24 They also undergo pH-based 

transitions at physiologically and ecologically relevant pH values, giving them potential for a range 

of application areas.25 In the context of cancer treatment, using nanoplatforms like pDEAEMA, 

can aid in compensating negative side effects of traditional cancer treatments. 26 pDEAEMA 

contains tertiary amine groups in its chemical structure (Figure 1), and as such, pDEAEMA is 

categorized as a basic polymeric nanoparticle because it can be protonated.21 When protonated, 

the nanoparticles increase in size at a pH ≤ 7.3 due to the pKa of the tertiary amine group; for 

pDEAEMA, this property can also be reversed when the pH is reversed.  Due to this pH-dependent 

transformation and tunable synthesis characteristics, pDEAEMA-based materials are being 

designed for cargo loading and release applications. Wong et al. synthesized a dual component 

polymer system prepared from a homopolymer pDEAEMA component and a diblock copolymer 

poly(2-(diethylamino)ethyl methalcrylate)-b-poly(ethylene glycol) component where the 

pDEAEMA is driving the pH-dependent disassembly, and release, within the highly acidic 

endosome of fibroblast cells.27 pDEAEMA was also used by Hern et al. to generate a diblock 

copolymer to deliver a beneficial peptide that was directly incorporated in the polymer structure 
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to generate a complex micelle system. The use of a pDEAEMA block allowed for tumor-specific 

micelle disassembly, facilitating peptide release in a timely and site-specific manner due to the low 

pH of tumor cells.28 As a result of the predictable pH-based properties, pDEAEMA has also been 

used in conjunction with other non-polymeric materials like silica nanoparticles. Sun et al. used 

surface-initiated atom transfer radical polymerization to prepare core-shell nanoparticle system 

with a mesoporous silica nanoparticle (MSN) core and pDEAEMA shell.29 pDEAEMA served as 

a pH-controlled switch to regulate the opening and closing of the pores present on the MSN 

surface, thereby allowing for rapid release in acidic media, but slow release in basic media. The 

open/closed state of these pores was reversible which showcases an important, yet underutilized, 

characteristic of pH-responsive swelling polymers – their reversibility. When the swollen 

pDEAEMA nanoparticle is placed in a pH ≥ 7.3, pDEAEMA reverts to its original size, and, if 

desired, the size can be increased and decreased repeatedly. Herein, we aim to use this property of 

pDEAEMA nanoparticles as a novel cargo-loading method. As evidenced by the studies outlined 

above, the use of pDEAEMA nanoparticles is a common practice, especially in the context of cargo 

loading and release. However, the cargo loading process can be time-intensive and laborious.27, 30-

36 This is due to the fact that most loading strategies rely on the passive “post-loading” method 

where the synthesized polymer nanoparticle is incubated or stirred with the cargo of interest for a 

significant period of time to enhance loading and adsorption of the cargo to the nanoparticle.37, 38 

In this work, we propose a new, simple, and fast method for loading pDEAEMA nanoparticles by 

leveraging their robust and predictable swelling-deswelling-reswelling behavior. Unlike the 

aforementioned papers, the work proposed here shows that cargo loading can be achieved by 

simply mixing the cargo with the pDEAEMA nanoparticles while controlling the solution pH with 

no incubation period.  

The goal of this work is to design pH-responsive polymer nanoparticles that can load small 

molecule cargo, with potential applications in both medicine and agriculture. Taking advantage of 

the pDEAEMA properties, we incubated our cargo of interest, rhodamine B isothiocyanate (RITC), 

which is commonly used for fluorescence detection and unresponsive to pH changes, with 

pDEAEMA in a swollen state and then reversed the swelling to allow for dye uptake as the 

polymeric nanoparticle shrank. We were also interested in the role of polymer nanoparticle size 

on dye loading, so we prepared a series of pDEAEMA nanoparticles with sizes ranging from 200 

nm – 600 nm in diameter that showed similar nanoparticle swelling and loading behavior. With 
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tunable overall nanoparticle size and pH-responsive behavior in a biologically relevant pH range 

that facilitates small molecule loading, these nanoparticles hold great potential across a range of 

application areas. Additionally, we are confident that this more efficient loading strategy will 

inspire future work that leverages the reversibility of other stimuli responsive polymeric 

nanoparticles.  

MATERIALS AND METHODS  

2-diethylaminoethyl methacrylate (DEAEMA), ammonium persulfate (APS), methyl 

methacrylate (MMA), and rhodamine B isothiocyanate (RITC) were purchased from Sigma 

Aldrich. MWCO 10,000 dialysis tubing and dimethyl sulfoxide (DMSO) were purchased from 

Thermo Fisher Scientific. Poly(ethylene glycol) dimethacrylate 200 (PEGDMA) was purchased 

from Polysciences Inc. Unless otherwise noted, chemicals were used as received. 

pDEAEMA and pMMA nanoparticles were synthesized by a free radical polymerization 

as previously reported.25 In a 50 mL round bottom flask, MilliQ water (9 mL), 2-diethylaminoethyl 

methacrylate (DEAEMA) (1 mL, 4.87mmol) or methyl methacrylate (MMA) (528 µL, 4.96 

mmol), and poly(ethylene glycol) dimethacrylate (PEGDMA) 200 (10 µL, 0.0326 mmol) were 

mixed by stirring (500 rpm) for 15-30 minutes in an oil bath at 40 C, 50 C, or 70 C. A 50 µL 

aliquot of 200 mg/mL of the radical initiator ammonium persulfate (APS) was added to the reaction 

mixture, turning the solution white and opaque. With nitrogen purging directly into solution, the 

reaction continued for 3 hours. The pDEAEMA nanoparticle suspension was dialyzed in a MWCO 

10,000 kDa Fisher Scientific dialysis tube against DI water with gentle stirring for 3 days (with 

daily water replacement). The particles were purified via ultracentrifugation (Beckman-Coulter 

Optima L-100K) at 427,635 xg for 20 minutes, redispersed in MilliQ water, and then another 3 

rounds in PBS. After 4 total rounds of centrifugation, the pDEAEMA nanoparticles were diluted 

to a concentration of 19.66 mg/mL with PBS and stored in the refrigerator at 4 C until further use. 

Polymer Nanoparticle Characterization  

An aliquot of each size of the pDEAEMA and pMMA nanoparticle suspension (40 µL) 

was placed in phosphate buffers (1 mL) ranging from pH 4 to pH 11. Hydrodynamic diameters 

and zeta potentials were measured using a Malvern Panalytical Zetasizer instrument. The reported 

hydrodynamic diameter and zeta potential values are the average of three technical measurements 

across 3 material replicates. To measure the time-based swelling behavior of the nanoparticle, an 

aliquot (40 µL) of the nanoparticle was placed in a buffer of pH 4.7 (1 mL), and the hydrodynamic 
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diameter was measured every 10 minutes for an hour. To test the reversible swelling mechanism, 

the particle suspension (40 µL) was placed in pH 4.7 buffer (1 mL), then the hydrodynamic 

diameter and zeta potential was measured; this solution (500 µL) was then placed in NH4OH (500 

µL) at pH 11 and measured again. Finally, the same solution (500 µL) was placed back into pH 

4.7 solution (500 µL) with the size measured one final time. 

Transmission Electron Microscopy 

Three different solutions of pDEAEMA and pMMA nanoparticle solutions were prepared 

with 40 L aliquots of each nanoparticle solution added to i) water, ii) water spiked with 

hydrochloric acid, and iii) water spiked with ammonium hydroxide solution. Afterward, 200 mesh 

copper grids with Formvar and carbon supports (Ted Pella, Inc., Redding CA) were dipped in each 

of the three solutions and left to air-dry overnight. Images were taken using the Thermo Fisher 

Talos F200x G2 at a 200 keV acceleration voltage on a Thermo Fisher Ceta camera. To determine 

the size of the pDEAEMA and pMMA nanoparticles, images were analyzed using Fiji using 500 

randomly selected nanoparticles in each of the water-based, acidic, and basic solutions.  

 

Dye Loading and Release  

Rhodamine B isothiocyanate RITC (1 mg/mL in DMSO), or water for a non-fluorescent 

control, was loaded into the pDEAEMA using the nanoparticle’s reversible swelling mechanism. 

An aliquot of 19.66 mg/mL pDEAEMA (240 µL) was placed into a potassium phosphate buffer 

solution (1 mL) of pH 4.7 to induce nanoparticle swelling. This solution was incubated on a shaker 

for 1 hour (150 rpm) to promote polymer-dye association. Half (500 µL) of this solution was placed 

in NH4OH (500 µL) at pH 10.15 to shrink the pDEAEMA back down and promote dye-loading. 

This solution was centrifuged (Fischer Scientific accuSpin Micro 17) at 17,000 xg 5 times for 20 

minutes, each with a PBS wash to dispose of any dye that was not loaded or associated. The 

supernatants were collected for fluorescence measurements, placing 200 µL aliquots in 3 wells on 

a microplate respectively, as well as their water control counterparts. Half (500 µL) of the final 

solution was placed in pH 4.742 buffer (500 µL) to swell the particle again and release the RITC, 

while the other half (500 µL) remained in “basic” PBS with PBS topping it off (500 µL). Each 

solution had 200 µL aliquots placed in 3 microplate wells for measuring, with water controls as 

well. All of this was also done in parallel with pMMA nanoparticles as a control comparison.  
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A BioTek Synergy H1 Microplate Reader was used to measure the fluorescence of the final 

solutions. The excitation wavelength was 556 nm, and the emission wavelength 587 nm based on 

a fluorescence scan of the RITC/DMSO solution. This fluorescence data was analyzed by 

averaging 3 well measurements (technical replicates) for each solution, then the average water 

control values were subtracted from the average dye-loaded values to account for any polymer 

interference. Three material replicates of each size polymer were loaded and measured in the same 

way, and the average of these replicates represents the amount of dye taken up by the polymer. 

Confocal Microscopy 

Slides for confocal microscopy were prepared by placing 5 µL of the loaded sample 

prepared for the plate reader measurements in the center of a glass slide, placing a number 1.5 

cover slip on top without creating air bubbles, and sealed to avoid any evaporation. Using an 

Olympus Fluorview IX2 Confocal Microscope, images of the loaded nanoparticles on the slide 

and water controls were taken at 60x magnification. The resulting images were analyzed using Fiji 

by choosing 300 fluorescent features throughout the image for the pDEAEMA using the default 

fluorescence threshold and 15 fluorescent features for the pMMA using the triangle threshold (the 

smaller number and thresholding were necessary due to the lack of fluorescence visible). Each 

fluorescent feature’s area and mean fluorescence intensity were measured in Fiji. The Quick 

Figures plugin in Fiji was used to prepare confocal images along with insets representing regions 

of interest.  

Statistical Analysis 

All statistical analysis testing was conducted using Graph Pad Prism 8 Version 8.4.3. An 

unpaired t-test was used to compare average TEM diameters, mean fluorescence intensities, and 

areas in confocal images of pMMA and pDEAEMA nanoparticles, with a p<0.05 indicating 

statistical significance. To compare size changes during the pH cycling process, we used a paired 

t-test (p<0.05). Statistical analysis of average fluorescence intensity for pDEAEMA nanoparticles 

(across 3 sizes) and pMMA nanoparticles was conducted using two-way ANOVA with a Tukey’s 

multiple comparisons test (p<0.05). All error bars represent standard deviation across 3 material 

replicates.  
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RESULTS AND DISCUSSION  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Polymer Nanoparticle Characterization 

Initial pDEAEMA and pMMA nanoparticle characterization used transmission electron 

microscopy for morphology and size information and dynamic light scattering for diameters and 

zeta potentials of the nanoparticles in water as shown in Figure 2. The micrographs in Figure 2A 

for pMMA and Figure 2B for pDEAEMA show monodisperse polymeric nanoparticles with 

similar morphologies for both nanoparticles; these are comparable to previously reported 

syntheses.25 Scanning electron microscopy was also used to compare surface morphology of 

pDEAEMA and pMMA nanoparticles and shows similar spherical morphologies for both 

nanoparticles (Figure S5 in the Supporting Information). Additionally, they also have similar 

hydrodynamic diameters (241.8 ± 37.2 nm for pMMA and 251.6 ± 13.2 nm for pDEAEMA) as 

shown in Figure 2C. As expected, the zeta potential of these two nanoparticles is different, where 

pDEAEMA displays +31.7 mV while pMMA is -21.9 mV. This is due to the difference in 

functional groups present in the two nanoparticles – pDEAEMA (structure shown in Figure 1) has 

a tertiary amine that is prone to protonation while pMMA does not. We measured the molecular 

weight of pDEAEMA nanoparticles using static light scattering on a Malvern zetasizer and 

estimate the molecular weight to be ~ 8 kDa. Overall, these particles show similar characteristics 

in pristine media in advance of pH excursions, allowing for effective comparison of their 

performance.  

Figure 1: Schematic of polymeric nanoparticles and their properties in different pH media. Figure created 
with BioRender.com.   
 

https://www.biorender.com/
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pH-based Polymer Nanoparticle Transformations  

Altering the pH microenvironment of pH-responsive polymers results in transformations 

within the polymer architecture that can lead to swelling or other changes to polymer self-

assembly.21 In this work, we are interested in leveraging the size-based transformations of 

pDEAEMA, and as such, we investigated changes in size of this nanoparticle in the presence of 

different pH media using TEM and DLS as shown in Figure 3 and 4. As these size changes for 

pDEAEMA are expected to occur at a pH of 7.0 – 7.3, the size measurements in Figure 3 were 

conducted in two pH conditions: pH > 7.3 (representing basic media) and pH < 7.3 (representing 

acidic media). The TEM micrographs in Figure 3 show that nanoparticles in media with pH > 7.3 

are similar to those shown in Figure 2; however, differences arise when these nanoparticles are 

placed in media with pH < 7.3 . For pMMA, no change is observed, but for pDEAEMA, reducing 
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Figure 2: Transmission electron micrographs of A) pMMA nanoparticles and B) pDEAEMA nanoparticles.  C) 
and D) are hydrodynamic diameters and zeta potentials of both nanoparticles, respectively. There is no difference 
in the hydrodynamic diameters of the two nanoparticles. Error bars represent standard deviations of 3 material 
replicates for both nanoparticles.  
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the pH below 7.3 transforms the particles into larger and lower contrast nanoparticles. This is 

evident in the average TEM diameter in Figure 3B as there is a statistically significant increase in 

the diameter of the pDEAEMA nanoparticles from 350 ± 23 nm to 523 ± 60 nm when spiked with 

acid, whereas the diameter of pMMA nanoparticles stays the same (140 ± 15 nm and 160 ± 15 nm 

when spiked with acid). The turbidity of the pDEAEMA nanoparticle suspension is also affected 

by the addition of an acid as it transitions from a characteristic cloudy to a clear solution as shown 

in Figure 3C. This visualization of the phase transition reveals that the increase in pDEAEMA size 

is instantaneous and can be maintained over time as shown by Figure S1 in the Supporting 

Information. This pH-based size and turbidity transformation in pDEAEMA occurs due to the 

protonation of the tertiary amine groups present in pDEAEMA, but not in pMMA. The pKa of 

these amine groups is between 7.0 – 7.3; thus, when the pH falls below this range, the amine groups 

are protonated which results in a charge buildup and subsequent polymer nanoparticle size increase 

(Figure S2 in Supporting Information).7 To further characterize this property, the pH sensitivity of 

both pDEAEMA and pMMA nanoparticles was measured using an array of phosphate buffers with 

pHs ranging from 4 – 10 at room temperature. Figure 4 shows the hydrodynamic diameters and 

zeta potentials of these nanoparticles as a function of solution pH. For pDEAEMA, the size 

remains around 200-nm-diameter in basic media and transitions to a size of ~ 650 – 700 nm in 

diameter at pH 7.3, which is characteristic for pDEAEMA due to the pKa mentioned above.  As 

expected, the size of pMMA is unresponsive to any changes in pH. The zeta potential values also 

show similar trends for both particles – pDEAEMA nanoparticle zeta potential becomes more 

positive as the pH drops below 7.3 while pMMA remains largely negative and consistent. All this 

characterization points to a well-understood pH-driven size transformation in pDEAEMA that has 

potential utility for loading if the size transformation is reversible. 
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Polymer Nanoparticle Size Reversibility 

The pH responsiveness of polymer nanoparticles like pDEAEMA has made them an 

attractive polymer for various applications.7, 39, 40 An even more interesting property is that these 

pH-based transformations are reversible when the original stimuli is removed or changed.39 This 

is evident in the data shown in Figure 5 as we cycle through different pH extremes for the same 

batch of pDEAEMA nanoparticles. At pH 4, the size of pDEAEMA is ~670 nm, but decreases 

back to ~380 nm when placed in pH 10. Moreover, the size increases to ~640 nm when placed 

back into acidic media, showcasing the ability to swell, deswell, and reswell for pDEAEMA while 

pMMA remains constant as a negative control. There is no statistically significant difference in the 

size of pDEAEMA nanoparticles at the swell state (670 nm) and reswell state (640 nm) which both 

occur at pH 4 (p = 0.6623). The zeta potential results show that the pH cycling impacts the charge 

of pDEAEMA as it transitions from being positively charged at pH 4, to negatively charged at pH 

10, and back to positively charged at pH 4 while pMMA remains unchanged across the same pH 

cycle. One of the most exciting opportunities available with reversibly swelling polymeric 

nanoparticles is the capacity to load small molecule cargo (e.g. to create labeled nanoparticles) and 

Figure 3: A) Transmission electron micrographs of pMMA and pDEAEMA nanoparticles in basic (pH > 7.3) and acidic 
(pH < 7.3) media. B) Average TEM diameters of pMMA (top) and pDEAEMA (bottom) nanoparticles in basic (pH > 7.3) 
and acidic (pH < 7.3) media (N=500, ****p<0.0001). C) Pictures showing turbidity of pMMA and pDEAEMA 
nanoparticles in basic (pH > 7.3) and acidic (pH < 7.3) media.   
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perhaps deliver that cargo in an alternate pH environment (e.g. drug or nutrient delivery). Herein, 

we will assess the small molecule loading capacity of the stimuli-responsive polymers using RITC 

as the proof-of-concept cargo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polymer Nanoparticle Size Characterization  

Ideally, it would be possible to tune the load of cargo taken up into polymeric nanoparticles, 

and one way to accomplish that is by tuning the size of the nanoparticles. As such, to investigate 

Figure 5: Hydrodynamic diameters and zeta potentials of pDEAEMA (solid line) and pMMA (dashed line) 
nanoparticles when cycled through pH 4 and pH 10 media. Error bars represent standard deviation across 3 
material replicates and are not visible for zeta potential results of pDEAMEA since they are too small.    
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Figure 4: Hydrodynamic diameters and zeta potentials of pDEAEMA (solid line) and pMMA (dashed line) 
nanoparticles across a range of pHs in potassium phosphate buffers. Error bars represent standard deviation 
across 3 material replicates.  
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the role of pDEAEMA size on the loading 

and release of RITC, we synthesized 

polymeric nanoparticles with varied size. 

With all other synthesis conditions 

remaining consistent, this work exploited 

synthesis temperature to obtain size-tunable 

pDEAEMA nanoparticles, where lower 

synthesis temperatures resulted in larger 

hydrodynamic diameters as shown in Figure 

6 (here, shown ahead of acid-induced 

swelling). Since the performance of the 

radical initiator, ammonium persulfate, is 

temperature-dependent, the nanoparticle size 

will be affected by synthesis temperatures. 

Higher temperatures increase the radical formation (and polymerization rate) and thus reduce the 

polymer nanoparticle size while lower temperatures show the opposite effect.41 Based on this, 

pDEAEMA nanoparticles with sizes of 610 ± 95 nm, 469 ± 51 nm, and 252 ± 13 nm were prepared 

at temperatures of 40 C, 50 C, and 70 C, respectively. Further characterization on the swelling 

of the larger nanoparticles is presented in the Supporting Information.  

Dye Loading and Release Characterization 

 With variable size pDEAEMA polymeric nanoparticles and a control pMMA polymeric 

nanoparticle, a systematic study of small molecule loading could be undertaken. Figure 7A shows 

the experimental design used for assessing the loading and release of RITC from pDEAEMA (with 

diameters of approximately 250 nm, 470 nm, or 600 nm) and 240-nm-diameter pMMA. Briefly, 

RITC was incubated with the polymer of interest for 1 hour while shaking at 150 rpms in pH 4 

media to induce swelling in pDEAEMA. Following this, the solution was added to basic media to 

allow for dye uptake during polymer shrinking (or deswelling) for the pDEAEMA nanoparticles. 

After multiple washes to remove any unincorporated dye, the fluorescence of the final nanoparticle 

suspension was measured in: i) acidic media to promote dye release upon reswelling and ii) basic 

media, aiming to measure the dye while still contained in the nanoparticle and facilitate 

comparison. The fluorescence of supernatants of the centrifugates were also saved to assess 

Figure 6: Hydrodynamic diameter of pDEAEMA nanoparticle 
at pH > 7.3 as a function of synthesis temperature. Error bars 
represent standard deviation across 3 material replicates and 
are not visible for 70C since they are too small. 



 15 

progressive decrease in fluorescence after each wash (Figure S6 in Supporting Information). To 

assess any interferences from the polymer itself, we used a negative control where water replaced 

RITC as a background subtraction.    

Figure 7B shows the fluorescence intensity of these 4 polymeric nanoparticles (the 3 sizes 

of pDEAEMA and 1 size of pMMA) in PBS or neutral media. For each polymer nanoparticle, we 

considered a high and low dose of RITC, 19.8 g/mL and 74.6 g/mL (denoted as 25 L and 100 

L), to optimize the amount of dye loaded and evaluate differences in dye loading. As expected, 

the more dye added, the higher the fluorescence intensity contained within the 3 pDEAEMA 

nanoparticles presented in Figure 7A. This is likely driven by the hydrophobic nature of 

pDEAEMA nanoparticles promoting favorable interactions with the hydrophobic RITC 

molecules.25, 42 However, when comparing across different pDEAEMA diameters, there was no 

statistically significant difference in fluorescence intensity, except when comparing 25 L of 250 

nm and 25 L of 600 nm. From this, we concluded that nanoparticle size didn’t impact the amount 

of dye loaded as measured by fluorescence intensity, likely suggesting that the dye molecules can 

only penetrate so far into the nanoparticle structure and even at the smallest size, we have reached 

a maximum limit. More interestingly, the results of pMMA nanoparticles show a much lower 

fluorescence than any of the pDEAEMA nanoparticles, and there is also no statistically significant 

difference when adding 25 L or 100 L of RITC, indicating that the fluorescence levels out 

regardless of a high or low dose of RITC. As the key difference between pDEAEMA and pMMA 

is the lack of swelling, and thus reversibility of swelling when cycling through different pHs, this 

result indicates the success of our loading mechanism when comparing pH–sensitive (pDEAEMA) 

and pH–insensitive (pMMA) polymeric nanoparticles.  

An attractive feature of pH-responsive polymers like pDEAEMA is the potential pH-

triggered release of loaded cargo when these polymeric nanoparticles are exposed to acidic media.7 

As such, we evaluated the release profile from these loaded pDEAEMA nanoparticles, and since 

the swelling is immediate, we measured the fluorescence of our nanoparticles right after adding 

them to pH 4 media. Figure 7C shows the fluorescence of the 3 pDEAEMA nanoparticle diameters 

(with 250 nm, 400 nm, and 600 nm sizes) and pMMA nanoparticles (240-nm-diameter) in neutral 

media (deswollen state) or acidic media (swollen state) for the higher dose of added RITC dye 

(results for low dose RITC are presented in Figure S7 of the Supporting Information). With pMMA 

nanoparticles, we once again see low fluorescence and no significant difference between neutral 



 16 

or acidic media. The pDEAEMA nanoparticles show more nuanced results – for all 3 sizes of 

pDEAEMA nanoparticles, the released dye (in acidic conditions) has a statistically significant 

decrease in fluorescence than the loaded dye (in neutral conditions). This could be attributed to the 

dilution of RITC molecules as they are released into solution thereby lowering their fluorescence 

intensity.  When comparing across sizes, there was no statistically significant difference in the 

acid-treated samples, further indicating that size didn’t have a critical impact on the cargo loading 

and release (though reversibility of the larger nanoparticles still allows for loading to take place 

where larger particles may be of interest). RITC-loading encapsulation efficiencies for both 

pMMA and pDEAEMA nanoparticles was calculated based on fluorescence intensities shown in 

Figure 7: A) Dye loading and release schematic created with BioRender.com,  B) Fluorescence intensities of dye-
loaded pDEAEMA and pMMA nanoparticles with low and high doses of RITC (250 nm, **p=0.0018, 470 nm, 
**p=0.0086, 600 nm **** p<0.0001), C) Fluorescence intensities representing dye-release from pDEAEMA and 
pMMA nanoparticles for high dose RITC (all ****p<0.0001).       

B) Dye-loading Results  C) Dye-release Results  

A) Dye Loading and Release Experimental Design   

https://www.biorender.com/
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Figure 7 (data presented in Supporting Information). As expected, the pDEAEMA nanoparticles 

had higher encapsulation efficiency (22 – 27 %) compared to pMMA (2.4%). More interestingly, 

we tested the role of incubation time on the efficiency of our loading strategy (details in Supporting 

Information). We discovered that our loading strategy allows for dye loading even at a 0-hour 

incubation which represents the immediate mixing of RITC and the polymer nanoparticle in pH 4 

media to swell the polymer followed by the deswelling in pH 11 media to deswell the polymer 

with no incubation or shaking. This resulted in a 38% RITC loading efficiency proving that our 

system allows for a rapid and simple loading strategy for pDEAEMA nanoparticles (Figure S9). 

To better understand nanoparticle behavior, confocal fluorescence microscopy was used to 

visualize this nanoparticle/RITC fluorescence in swollen and deswollen states. 

Confocal Microscopy of RITC-loaded Polymer Nanoparticles  

The RITC-loaded pDEAEMA (250-nm-diameter) and pMMA (240-nm-diameter) 

nanoparticles were imaged in acidic (pH 4.7), neutral (pH 7.4) and basic (pH 10.2) media on an 

Olympus Fluoview confocal microscope, and representative images with respective regions of 

interest (ROIs) are shown in Figure 8. For pMMA nanoparticles, some nanoparticles exhibit 

fluorescence, but with no clear distinction between acidic, neutral, and basic treatments. In 

contrast, the pDEAEMA nanoparticles in neutral and basic media, show a high contrast image of 

spherical nanoparticles that exhibit RITC fluorescence. Both the neutral and basic media represent 

a pH environment greater than 7.3 where the pDEAEMA nanoparticles are in their deswollen state 

keeping the dye contained within the nanoparticle. The acid-treated pDEAEMA nanoparticles 

show a lower contrast image, revealing release of the dye from some areas as highlighted by ROIs  

1, 2, and 3. As the acidic pH is less than 7.3, the pDEAEMA nanoparticles are in their swollen 

state where dye release is expected. Image analysis using Fiji also revealed quantitative results that 

match the qualitative trends seen (shown in Figure S8 in Supporting Information). The mean 

fluorescence intensity of RITC within the pDEAEMA nanoparticles is higher for the ones in 

neutral media when compared to acid-treated nanoparticles which parallels data presented in 

Figure 7. As mentioned above, this could be due to the RITC fluorescence being diluted upon 

release from the pDEAEMA nanoparticles in acidic media. This can be further visualized by the 

regions of interest highlighted in Figure 8 (ROI 1, 2, and 3). When comparing the area of the 

pDEAEMA and pMMA nanoparticles that are fluorescing in Figure 8, only the pDEAEMA 

nanoparticles exhibited a statistically significant increase in area when placed in acidic media 
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 further indicating that swelling is taking place. It’s important to note that the samples size for the 

pMMA particles was much smaller due to the lack of fluorescent particles present in the image. 

 

 

 

Figure 8: Confocal microscopy images of pDEAEMA (left) and pMMA (right) nanoparticles in acidic (pH 4.7), neutral (pH 
7.4) and basic (pH 10.2) media. Insets show regions of interest (ROIs) for pDEAEMA nanoparticles to highlight contrast 
differences between different pH treatments samples using the QuickFigures plugin in Fiji.  

pDEAEMA pMMA 

ac
id

ic
 

ne
ut

ra
l 

ba
si

c 



 19 

CONCLUSION  

The work described herein leveraged the reversible nature of swelling polymeric 

nanoparticles, when cycled through low, high, and low pH, to load cargo. pDEAEMA 

nanoparticles were used with a RITC dye as a model cargo to quantify fluorescence differences 

when nanoparticles are in acidic vs basic media in comparison to the non-swelling control, pMMA. 

Both nanoparticles show similar characteristics in basic media, but pDEAEMA experiences a size 

increase when the pH is dropped below 7.3 and this increase can be reversed when the suspension 

is added to basic media whereas pMMA shows no changes to the nanoparticle size. We also 

prepared 3 different sizes of pDEAEMA nanoparticles which all showed similar reversible 

swelling behavior at the 7.3 pH threshold. Our dye loading experiments showcase dye uptake in 

pDEAEMA nanoparticles due to a notable and significant fluorescence increase when compared 

to the non-swelling (and thus non-reversible) pMMA nanoparticles. Confocal microscopy images 

support this result with higher contrast, and numerous, pDEAEMA nanoparticles exhibiting RITC 

fluorescence whereas pMMA nanoparticles show much lower fluorescence. Upon release in acidic 

media, pDEAEMA experiences a significant decrease in fluorescence intensity and confocal 

images show a lower contrast image with specific regions of interest highlighting RITC release 

while pMMA nanoparticles show no pH-depended differences. We also learned that tuning 

pDEAEMA size had no impact on loading capacity, but similar trends for pDEAEMA loading 

were seen across all particles, suggesting that presence of reversibility is the key factor for the 

success of loading. Lastly, our method allows for dye loading by simply mixing the pDEAEMA 

nanoparticles with the dye with no time allocated for incubation making this approach a fast and 

simple loading strategy for pDEAEMA nanoparticles. As this is a proof-of-concept model, future 

work will focus on using this mechanism to load other beneficial cargo that will facilitate 

application across a broad range of sectors.     

SUPPORTING INFORMATION 
The Supporting Information document contains swelling stability at pH 4 and swelling 

between pH 7.1 – 7.5, SEM images with the experimental details, size, and zeta potential for 470-

nm- and 600-nm-diameter nanoparticles, fluorescence intensities of supernatant washes and low 

dose RITC, image analysis data, RITC encapsulation efficiency, and fluorescence intensity of 

different incubation times.  
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