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A B S T R A C T   

The size of nanocarriers determines the biological property of the materials, especially as it relates to intra
tumoral distribution. Previous research has shown that sizes of 10–50 nm penetrate deep inside the tumor, 
resulting in better efficacy. On the other hand, studies have shown that gelatin exhibits excellent biological 
properties, including compatibility, degradability, and toxicity. Therefore, FDA approved gelatin as a safe ma
terial to use as an excipient in injectables. The bottleneck is the nonexistence of smaller-sized gelatin nano
particles (GNPs) to realize the full potential of these biomaterials. Yet, GNPs with sizes of less than 50 nm have 
not been reported; the synthetic strategy reported in the literature uses “uncontrolled crosslinking coupled with 
nanoprecipitation”, resulting in larger particle size. We have developed a new method to self-assemble gelatin 
strands by using an anionic, phosphate-based crosslinker and controlled precipitation. The method we developed 
produced ultra-small gelatin nanoparticles (GX) of size 10 nm with a high degree of reproducibility, and it was 
characterized using dynamic light scattering (DLS), Energy-dispersive X-ray spectroscopy (EDS), High-resolution 
transmission, and scanning electron microscopy (HR-TEM/STEM). We also explored GX as a bioactive platform to 
encapsulate imaging and therapy agents within the cavity. Interestingly, we were able to encapsulate 2 nm size 
gold nanoparticles within the void of GX. The versatile nature of the GX particles was further demonstrated by 
surface functionalizing with larger size gelatin nanoparticles to form core-satellite nanocomposites. Additionally, 
we studied the tumor penetrability of dye-tagged 10, 50, and 200 nm gelatin nanoparticles. The study showed 
that smaller size gelatin nanoparticles penetrate deeper tumor regions than larger particles. In general, GX was 
efficient in penetrating the inner region of the spheroids. The results demonstrate the potential capabilities of 
ultra-small GX nanoparticles for multi-staged payload delivery, diagnostics, and cancer therapy.   

1. Introduction 

Bioactive gelatin has gained significant prominence in recent years 
due to its application in various medical fields ranging from tissue 
regeneration to cancer therapy [1–4]. It is biodegradable, biocompat
ible, non-immunogenic, and approved by FDA as a safe pharmaceutical 
excipient; additionally, it is easily sterilizable and has a low degree of 
antigenicity [5]. By converting gelatin into nanoparticles, gelatin gained 
greater utility in medicine, especially as a drug delivery agent for a vast 
array of diseases. There are a plethora of examples showing that gelatin 
nanoparticles (GNPs) as delivery agents show multi-fold improvement 
in therapy [6–8]. For example, GNPs are used for delivering metho
trexate, tirapazamine, bone morphogenic protein-2 or angiogenic basic 

fibroblast growth factor (bFGF) in vivo [9–12]. Despite GNPs’ great 
potential, their large size (>200 nm) prevented their full utilization and 
hinder them in advancing for human use. When it comes to cancer, for 
instance, smaller nanoparticles have a better therapeutic response than 
larger ones [13,14]. It is because larger particles cannot penetrate deep 
into tumors to impart long-lasting therapeutic benefits [15]. For 
example, the FDA-approved Doxil and Abraxane, showed only modest 
therapeutic benefits due to their larger sizes (>100 nm) [16]. Indeed, 
several systematic studies concluded that the size of the nanoparticles 
governs the transport and diffusion within tumor [13,17–20]. Liang and 
colleagues evaluated the tumor penetrability of gold nanoparticles of 50 
and 100 nm and found that the smaller particles penetrated deeper into 
the tumor [21]. Of relevance to the present study, Wong and coworkers 
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have shown GNPs encapsulated with quantum dots (QD) exhibit 
size-dependent permeability, with smaller size QD finding a way into 
deep tumors when gelatin is digested by matrix metalloproteinases [22]. 
Similarly, Gao and coworkers synthesized MMP-2 protein shrinkable 
GNPs tethered with AuNP-Doxorubicin conjugate to reach a deep tumor 
region resulting in increased efficacy [23]. Although research works 
showed that smaller particles encapsulated within GNPs might reach 
deep tumors, no studies have been performed to determine whether 
GNPs would do the same. The data is rare because smaller GNPs hitherto 
unavailable. Therefore, it is evident that developing a methodology to 
synthesize smaller sized GNPs and understanding their tumor penetra
bility are of paramount importance. Such a study will essentially fill the 
void in this area and will help us to evaluate whether tumor penetra
bility will be affected by the size of GNPs. Indeed, the results from the 
investigation would shed light on recognizing GNPs fullest potential and 
enable the researchers to develop a roadmap for their future use in 
humans. 

GNPs are traditionally synthesized using the desolvation technique, 
wherein an organic solvent (antisolvent) is added to gelatin dissolved in 
50 ◦C water (gel sol) to form clustered proteins which are further 
crosslinked with glutaraldehyde to obtain rigid particles of size 
200–300 nm [24]. Researchers have altered pH, temperature, and 
crosslinker to synthesize smaller GNPs. But these attempts thus far have 
generated GNPs larger than 100 nm, and particles smaller than that have 
not been obtained [25–27]. In an interesting study, researchers tried to 
shrink GNPs to 100 nm using a freeze-thaw method [28]. Taken 
together, the synthesis of GNPs of smaller sizes (>20 nm) is a significant 
challenge and remain unsolved. To overcome this challenge, we devel
oped a new method wherein we protonated the " = NH2” groups on the 
backbone of gelatin and bonded them through ionic crosslinkers. By 
using shorter crosslinkers, we could preferentially allow ammonium 
ions within the same strand to attach to one another than in to different 
strands. Using this technique, we synthesized 10 nm-sized gelatin 
nanoparticles (GX) and demonstrated its versatility by encapsulating 
therapeutic and imaging agents. We also used GX as a platform to 
encapsulate smaller size gold nanoparticles, and multi-sized single 
nanoparticles (i.e., 200 nm GNPs surface attached with multiple GX). 
Furthermore, we systematically assessed the deep tumor penetration of 
10 (GX), 50 (GL), and 200 (GCC) nm gelatin nanoparticles using 3D tumor 
spheroids. To the best of our knowledge, this is the first report on the 
synthesis of smaller (10 nm) sized gelatin nanoparticles. In this report, 
we present detailed synthesis and characterization of smaller sized 
GNPs, its encapsulation capability, and tumor spheroid penetrability. 

2. Experimental section 

2.1. Materials 

Gelatin (Bloom type-A; CAS No. 9000-70-8), Sodium tripolyphos
phate (TPP; CAS No. 7758-29-4), Rhodamine-B (CAS No. 81-88-9), 
Cisplatin dichloride (CAS No. 15663-27-1), sodium borohydride (CAS 
No. 16940-66-2), dithiolated diethylenetriamine pentaacetic acid 
(DTDTPA), gold (III) chloride hydrate (CAS No. 27988-77-8) and 
glutaraldehyde (CAS No. 111-30-8) were purchased from Sigma-Aldrich 
(USA). Sterile ultraclean distilled water (Cat No. 10-977-015), sodium 
hydroxide (NaOH; CAS No. 1310-73-2), hydrochloric acid (HCl; CAS No. 
7647-01-0), 200-proof ethanol (CAS No. 64-17-5), acetone (CAS No. 67- 
64-1), sodium chloride (NaCl; CAS No. 7647-14-5), sucrose (CAS No. 57- 
50-1), paraformaldehyde (PFA; Cat. No. 50-980-486), RPMI-media (Cat. 
No. A1049101) and fetal bovine serum (FBS; Cat. No. 26-140-079) were 
purchased from Thermo Fisher Scientific (USA). HS-PEG-OMe (Cat. No. 
12750-40) was purchased from RAPP Polymere (Germany) and HS-PEG- 
COOH (Cat. No. CM-PEG–SH–2000) was purchased from Laysan Bio 
(USA). Doxorubicin (CAS No. 25316-40-9) was purchased from LC 
Laboratories (USA). Cy5 NHS ester (Cat. No. 23020) was purchased from 
Lumiprobe (USA). Iodixanol (Visipaque ®; Cat. No. 00407222317) was 

obtained from GE Healthcare (USA). 

2.2. Instrumentation 

Automated liquid pipetting was performed on a single channel 
INTEGRA pipette. pH measurements were performed using a Mettler 
Toledo pH-meter. Controlled addition of solvents was achieved using a 
KDS-200 Syringe pump. Sonication was performed on a Branson Bran
sonic® M Mechanical Ultrasonic Bath 3800. Spheroids were imaged on a 
Leica TCS SP8 MP inverted spectral confocal microscope with tunable 
white light laser (470–670 nm) and with Mai Tai DeepSee multiphoton 
laser tunable to 680–1060 nm equipped with a two-channel time- 
correlated single-photon counting unit from PicoQuant, and two non- 
descanned HyD-RLD detectors for fluorescence lifetime imaging mi
croscopy (FLIM). Hydrodynamic size and zeta potential was measured 
(by dynamic light scattering and laser doppler velocimetry techniques) 
on a Zetasizer Nano-ZS (Malvern Panalytical Ltd). Absorbance and 
fluorescence spectroscopy were performed on a BioTek Synergy H1 and 
Cytation-3 multi-mode microplate reader respectively. HR-TEM imaging 
was performed on a FEI Tecnai F30 twin microscope equipped with 300 
kV field emission gun (FEG) high resolution TEM/STEM. The electron 
microscopy imaging point resolution was 0.24 nm with a Magnification 
range of 58x – 800 Kx in TEM mode. STEM-EDS was performed on a FEI 
Tecnai F30 twin equipped with a Bruker Energy Dispersive X-ray spec
trometer (QUANTAX 400-STEM with XFlash®6 at an energy resolution 
<129 eV at MnKα). STEM imaging was performed using a FEI Quanta 
600 FEG Environmental Scanning Electron Microscope (ESEM) equip
ped with a Schottky Field Emitter (thermal FEG), with an accelerating 
voltage from 200 eV to 30 keV with probe currents of 4.5 micro-amps. 

2.3. Synthesis of GX 

To synthesize 10 nm gelatin nanoparticles (GX), a modified two-step 
desolvation procedure was developed. In a 10 mL beaker, 3 mL of 
distilled water was heated (55 ◦C) and gelatin (125 mg) was slowly 
added and stirred (800 RPM) until a homogeneous gelatin sol (gel sol) 
was formed (~1 h). To this gel sol, acetone (6.5 mL) was rapidly added 
and stirred (900 RPM) for 30 s to precipitate high molecular weight (M. 
W.) fraction of gelatin (first desolvation step). The supernatant containing 
low M.W. gelatin was removed, and the residue was washed with water 
(1X, 5 mL) and used for the next step. To the residue, 3 mL of water was 
added and heated to form a gel sol (55 ◦C; 800 RPM; 2 h). Subsequently, 
the gel sol was acidified to pH 2.75 (1 M HCl) and transferred to a 25 mL 
round-bottom flask (RBF). The RBF was heated in an oil bath (65 ◦C; 900 
RPM; 20 min). Independently, a stock-solution of tripolyphosphate 
(TPP; 0.5% w/v in water) was prepared. 10 μL of TPP stock solution was 
pipetted and added to 190 μL ethanol (vortex mixed); this solution was 
added dropwise to the RBF at rate of 10 mLh− 1 using an automated 
pipette fixed with a 10 μL pipette tip. The reaction was stirred for 30 
min. During this time, we prepared nanoprecipitant solution (0.01% 
TPP) by mixing 200 μL of TPP stock-solution with ethanol:acetone 
mixture (EtOH:Me2CO 1:1 v/v). Next, we added the nanoprecipitant 
solution dropwise to the RBF at 25 mLh− 1 using an automated syringe 
pump (10 mL syringe fitted with a 15 mm acetone-resistant tube tipped 
with a 22 g needle). The solution changed from transparent to a whitish 
colloid (~10 mL of nanoprecipitant) after which the addition was 
stopped, and the solution was stirred at 65 ◦C for 18 h (second desolvation 
step). The solution was cooled (25 ◦C; 1 h) and filtered through a 0.45 μm 
and a 0.22 μm sterile filter. The filtered solution was then reheated (70 
◦C; 15 min; Fig. S11), and quickly added into water (25 ◦C; 3x volume; 
700 RPM) and left undisturbed for 72 h at room temperature (RT). After 
that, the dense irreversible gel that settled at the bottom was discarded. 
The supernatant was decanted and purified using sucrose density 
centrifugation (SDC; Order: bottom-50%, 20%, 10%, 5%, 2%, top- 
reaction solution) to obtain nanoparticles. The 5% fraction was then 
isolated and dialyzed (10 kDa) in water for 72 h (Fig. S12). The dry 
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weight of the GX per batch was 7–10 mg and the purified nanoparticles 
could be stored as an aqueous solution at 25 ◦C. 

2.4. Synthesis of GL 

To synthesize 50 nm gelatin nanoparticles (GL), a modified two-step 
desolvation procedure was used [29]. Briefly, distilled water (5 mL) was 
heated in a 25 mL beaker (50 ◦C; 800 RPM). Gelatin powder (250 mg) 
was slowly added to the hot water to avoid clumps and stirred until a 
homogenous gelatin sol was formed (~1 h). Next, acetone (12 mL) was 
rapidly added to the gel sol (900 RPM) and stirred for 30 s to precipitate 
high M.W. fraction of gelatin. The supernatant containing low M.W. 
fraction was removed using a pipette and the precipitate was washed 
once with water (5 mL). Water (5 mL) was added to the beaker followed 
by gently loosening the precipitate using a pipette tip. The precipitate 
was then heated to form a gel sol again (50 ◦C; 800 RPM; 2 h). After 2 h, 
the homogenous gel sol was acidified to pH 2.75 (1 M HCl) and the 
solution was transferred to a 50 mL round-bottom flask (RBF) in an oil 
bath (55 ◦C; 900 RPM; 20 min). An ethanol:acetone mixture (1:10 v/v) 
was then added dropwise to the RBF at 50 mLh− 1 using an automated 
syringe pump (10 mL syringe fitted with a 15 mm acetone-resistant tube 
tipped with a 21 g needle) until a whitish colloid formed. Separately, 
tripolyphosphate (TPP; 0.5% w/v in water; 1 mL) was vortexed mixed 
with ethanol (1 mL). The TPP solution was then added dropwise to the 
RBF at 10 mLh− 1 using an automated pipette fixed with a 10 μL pipette 
tip until the solution turned to a slight off-white color. Glutaraldehyde 
(10 μL; 25% v/v) mixed with ethanol (190 μL) was added dropwise and 
the reaction was stirred (800 RPM; 55 ◦C) until 18 h. After 18 h, solution 
was cooled (25 ◦C; 1 h) and filtered through a 0.45 μm and a 0.22 μm 
sterile filter and centrifuged to collect the pellet (15,000 g, 15 min). 
Pellet was resuspended in water using sonication and washed two times 
(15,000 g, 15 min). The residue was dried under vacuum to obtain ~20 
mg of GL powder (per batch). This procedure showed mediocre repro
ducibility, as 1 in 6 batches yielded the anticipated size distribution. The 
final nanoparticle solution was stored as an aqueous solution at 25 ◦C. 

2.5. Synthesis of GCC 

To synthesize 200 nm gelatin nanoparticles (GCC), we utilized a 
previously published two-step desolvation procedure [8]. Briefly, 
distilled water (11 mL) was heated in a 100 mL beaker (50 ◦C; 800 RPM). 
Gelatin powder (500 mg) was slowly added to the heated water to avoid 
clumps and stirred until a homogenous gelatin sol was formed (~1 h). 
Next, acetone (20 mL) was rapidly added to the gel sol (900 RPM) and 
stirred for 30 s to precipitate high M.W. solid fraction of gelatin. The 
solution containing low M.W. fraction was removed using a pipette and 
the precipitate was washed once with water (5 mL). Water (11 mL) was 
added to the beaker followed by gently loosening the precipitate using a 
pipette tip. The precipitate was then allowed to form a gel sol again (50 
◦C; 800 RPM; 2 h). After 2 h, the homogenous gel sol was acidified to pH 
2.75 (1 M HCl) and the solution was transferred to a 100 mL 
round-bottom flask (RBF) in an oil bath (50 ◦C; 800 RPM; 10 min). 100% 
Acetone was then added dropwise to the RBF at 100 mLh− 1 using an 
automated syringe pump (10 mL syringe fitted with a 15 mm 
acetone-resistant tube) until a whitish colloid formed (800 RPM; 10 
min). Next, glutaraldehyde (200 μL; 25% v/v) was added dropwise and 
the reaction was stirred (800 RPM; 50 ◦C) until 18 h. After 18 h, solution 
was cooled (25 ◦C; 1 h) and centrifuged to collect the pellet. Pellet was 
resuspended in water using sonication and washed four times (20,000 g, 
20 min) and the final resuspension in water was filtered through a 0.45 
μm sterile filter. The procedure presented above yielded ~200 mg of dry 
GCC powder per batch, however the nanoparticles were stored as an 
aqueous solution at 4 ◦C. 

2.6. Synthesis of GNP-dye conjugates 

To tag GX, GL, or GCC with fluorescent dye (Rhodamine-B; RhB or 
Cyanine-5 NHS ester; Cy5), we developed the following protocol. A 20 
mL glass vial was charged with nanoparticle (10 mg). The amount of 
NHS ester required for the reaction was calculated as per manufacturer’s 
protocol. The dye solution (2 mg/mL in water) was added dropwise to 
the nanoparticle with continuous stirring (800 RPM; 18 h; 25 ◦C). In the 
case of NHS ester, the pH of the solution was adjusted to 8.2 (1 M NaOH) 
for efficient conjugation. After 18 h, GX construct was subjected to 
dialysis in water for (96 h); whereas GL and GCC were purified by 
centrifugation technique (10,000 g for 10 min). Purified nanoconstructs 
GNP-RhB or GNP-Cy5 were stored at 25 ◦C. 

2.7. Encapsulation of drugs or contrast agent in GX 

We optimized the following protocol for encapsulating doxorubicin 
(DOX), cisplatin (CP) or iodixanol (IO) in GX. We followed the steps as 
described in Section 2.3 (see ES) till first desolvation. To the gel sol 
obtained, we added dropwise the following solution: 5 mg of DOX (in 
water), 5 mg CP (in 0.9% NaCl solution), or 10 mg of IO solution. After 
the addition, we continued the steps as described in Section 2.3 (see ES). 
The product was purified by either dialysis or centrifugation techniques. 
Purified conjugates GX (DOX), GX (CP), or GX (IO) were stored at 25 ◦C. 

2.8. Synthesis of GX(Au) hybrid nanocomposite 

For synthesizing multi-dimensional hybrid materials, we used five 
different gold nanoparticles, including 2 nm AuNP coated with DTDTPA 
or HS-PEG-COOH (M.W. 2000); naked 2 nm AuNP generated using 
NaBH4 or THPC; and 10 nm citrate stabilized AuNPs. To encapsulate or 
surface attach gold nanoparticles of various sizes, 1 mg of AuNP in water 
was added dropwise to the gel sol after the first desolvation step (section 
2.3). The gel sol was stirred for an hour and the solution was then 
acidified to pH 2.75. Subsequently, tripolyphosphate (TPP; 0.5% w/v in 
water; 10 μL mixed with 190 μL ethanol) was added to the acidified gel 
sol and the solution was stirred for an additional 30 min. Next, tripo
lyphosphate (TPP; 0.5% w/v in water; 200 μL) was vortexed mixed with 
an ethanol:acetone mixture (1:1 v/v; 0.01% TPP) and added dropwise to 
the RBF at 25 mLh− 1 until the solution color changed from red/brown to 
a whitish-red colloid. The final nanoparticle solutions for GX (AuNP) 
were stored at 25 ◦C. 

2.9. Synthesis of GCC-GX core-satellite hybrid nanocomposite 

To synthesize GCC particles with GX satellites, we used the purified GX 

reaction-solution (filtered through a 0.2 μm filter). This solution was 
heated (65 ◦C) and a mixture containing TPP (50 μL; 0.5% w/v), 
glutaraldehyde (5–10 μL; 25% w/v) and HS-PEG-OMe (0.1 mg; M.W. 
750) diluted in 1 mL of Ethanol was consecutively added and stirred for 
72 h. The reaction mixture turned into a milky-solution indicating the 
formation of GCC-GXsat hybrid particles. Final nanoparticle solutions 
were stored at 25 ◦C. 

2.10. Dynamic light scattering (DLS) 

Particle sizes were measured using dynamic light scattering (DLS) 
technique. Measurements were performed on a Zetasizer rated for 0.3 
nm to 10 μm, using a 633 nm He–Ne laser source with a backscattering 
angle (NIBS) of 173◦. Following general procedure was used: ~0.05 mg/ 
mL GNP in water was used for the measurement. 800 μL of the GNP 
solution was pipetted, sonicated for 10 s and vortexed before adding into 
a low-volume cuvette. In the instrument, for the sample parameters, the 
material was selected as “protein” with a refractive index of n = 1.45, 
solvent was selected as water and the temperature was equilibrated to 
25 ◦C. High-resolution measurements were performed in triplicates 
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(each measurement performed using 3 runs, 10 s each). The data anal
ysis was performed on the Zetasizer software suite (ver 7.13), and the 
particle size data values were exported to Excel for plotting. 

2.11. Zeta potential measurement 

To monitor particle surface charge, laser Doppler microelectropho
resis technique using a non-invasive backscatter technology was used. 
Measurements of the surface charge at slipping planes (zeta potential) 
were determined on a Zetasizer using a 633 nm He–Ne laser source for 
conducting electrophoresis light scattering (ELS). Briefly, a 0.05 mg/mL 
GNP solution in water was prepared and 800 μL of this solution was 
sonicated (10 s), vortex mixed (5 s) and added into a DTS-1070 Zeta- 
measurement cell. For the sample parameters, we selected: material as 
“protein”, Debye-Huckel approximation, solvent as “water”, and the 
temperature was equilibrated to 25 ◦C. All measurements were per
formed in triplicates (each measurement performed using 10 runs). The 
data analysis was performed on the Zetasizer software suite (ver 7.13), 
and the zeta potential data values were exported to Excel for plotting. 

2.12. High-resolution transmission electron microscopy (HR-TEM) 

To image GNPs, high-resolution transmission electron microscopy 
(HR-TEM) was used. For this purpose, GNP stock solution (40 μL) was 
rapidly vortex-mixed in water (200 μL). The solution was then sonicated 
(5 s) and 8 μL was dropped on a 200-mesh carbon-coated copper grid. 
The drop was then air-dried (40 ◦C; 10 min and additional 25 ◦C; 2 h). 
The air-dried grids were then inserted into the HR-TEM using a single- 
sample single-tilt holder and imaged at 100 kV. Beam alignment 
(pivot point X and Y; shift and rotation center), coma-free beam align
ment, and sigmator-alignment (condenser and objective) were per
formed at both low (<10 μm × 10 μm) and high (<100 nm × 100 nm) 
magnification prior to image acquisition. At 200 kV, particle disinte
gration was observed for long beam exposures (>1 min). Images were 
taken using a 1–0.5 s exposure and converted to TIFF using Gatan 
software. 

2.13. Energy dispersive spectroscopy (EDS) 

To detect elemental composition in GX (CP) or GX (IO), Scanning 
transmission electron microscopy – Energy-dispersive X-ray spectros
copy (STEM-EDS) was used. To perform measurements, carbon-coated 
copper grids with air-dried nanoparticles were inserted using a single- 
sample low-background double-tilt holder. After STEM alignment, 
STEM microscopy was performed at 200 kV in high angle annular dark 
field (HAADF) imaging mode. The STEM-EDS map acquisitions were 
then performed using a 30 mm2 active area Bruker Silicon Drift Detector 
with a super light element window. Final spectral plots were then 
collected and saved using Bruker ESPIRIT software. 

2.14. Scanning transmission electron microscopy (STEM) 

To image GNPs, scanning transmission electron microscopy (STEM) 
was used. Briefly carbon-coated copper grids with air-dried nano
particles were inserted using a multi-sample stage and imaged between 
5 and 20 kV using the STEM detector. Images were processed using 
Gatan software. 

2.15. Image analysis and volume reconstruction 

To predict the three-dimensional (3D) structure of GX nanoparticles, 
3D topography was inferred from the TEM images and iterative 3D 
volume-models were prepared. Briefly, the TEM images were converted 
to 32-bit and processed for background subtraction, contrast enhance
ment, distance map to distance ridge mapping, and Euclidean distance 
transformation. These steps allowed the de-noising and selective 

computation of pixel intensities to visualize distance. Further the dis
tance maps were processed using ImageJ Process-plugin to calculate the 
maximum 3D points to refine local thickness. Subsequently, the 
maximum values were used to build 3D surface plots to analyze surface 
topography of the TEM images. Using a 3-D builder, the topography was 
approximated to a block and duplicated along the z-axis to visualize the 
complete structure. Using visual cues of the vertexes and pore locations, 
several representative 3D models were generated using 3-D builder. 
Each of these models were rotated and several projected planes were 
captured, emulating a two-dimensional (2D) image. The emulated 2D 
images were processed through similar distance mapping and 3D surface 
plots were created. The predicted 3D surface plots were matched with 
the observations to select approximate structures that represent GX. 
Final maps were saved as TIFF using Fiji (ImageJ2) (NIH) [30]. 

2.16. 3D spheroid assay 

To perform the spheroid penetration assay, NCI-ADR-RES or A549 
cell lines (90% confluency) were used. Briefly, three hundred A549 or 
NCI-ADR-RES cells were suspended in 200 μL of complete medium 
(RPMI 1640 + 10% FBS) and seeded into a Corning 96-well ultralow 
attachment microplate (Corning 4520), followed by centrifugation (200 
g; 30 s; 25 ◦C). The plate was then incubated at 37 ◦C; 5% CO2 for 5 days 
to allow the formation of 3D spheroids. The spheroids were washed 
twice with serum free media and treated with nanoconstructs (0.4 mg/ 
mL; 6 h for segmentation analysis and 14 h for 3D reconstruction study; 
37 ◦C). The treated spheroids were washed thrice with 1X DPBS and 
fixed in 2% buffered PFA (14 h for segmentation analysis and 2 h for 3D 
reconstruction study). Fixed spheroids were washed thrice with 1X DPBS 
and transferred onto confocal dishes for imaging using confocal fluo
rescence microscopy. 

2.17. Confocal fluorescence microscopy (CFM) 

To acquire fluorescence signal, spheroids in confocal dishes were 
imaged using a Leica TCS SP8 Confocal microscope using the excitation/ 
emission parameters of RhB (554/564–644 nm) and Cy5 (647/655–705 
nm). We used the following settings: Frame Average 1, Line Average 3, 
Frame Accumulation 1, Line Accumulation 1, with Linear Z Compen
sation. Z-sections at spheroid depths of 10, 20, 30, 40 and 50 μm were 
analyzed to study penetration ability of the constructs. Spheroid seg
mentation was carried out using the SpheroidJ plugin with Fiji (ImageJ2) 
[30,31]. The inner region of each section was defined by 2/3rd of the 
radius. Mean fluorescence intensity of the inner and outer region of each 
section was calculated using Fiji. 3D reconstruction of spheroids was 
performed using z-scan stacking and rotated along the x-axis for visu
alization, using Leica Application Suite X software (ver. No. 3.7.4.23, 
463). 

2.18. Statistical analysis 

All data was collected in triplicates and averaged, unless indicated. 
Data was expressed as Mean ± Standard error of the mean. Graphing 
and statistical analysis was performed on Excel (Microsoft, USA) or 
Prism software (GraphPad, San Diego, CA, USA). 

3. Results and discussion 

3.1. Synthesis and characterization of GX 

The 200 nm Gelatin nanoparticles (GCC) are prepared using a two- 
step desolvation process, as previously described (see experimental 
section; ES) [8,29,32,33]. The first step involves breaking the bonds in 
gelatin by heat and then separating the low and high molecular weight 
fractions. The next step involves the acidification of the high molecular 
weight fraction solution to protonate the amines in the gelatin backbone 
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to form ammonium ions. These cationic fragments induce repulsion 
between gelatin units to keep them apart [34]. Addition of antisolvent to 
this solution, induces precipitation to form gelatin nanoparticles of size 
~200 nm. It is evident that the acidification step controls the phase 
behavior of gelatin sol and allows homogenous nanoprecipitation by 
displacing water molecules between units [34,35]. The individual units 
are clustered together with high degree of randomness; therefore, the 
nanoprecipitation step always results in larger size gelatin clusters [29, 
32]. We hypothesized that if the positively charged gelatin strands are 
arranged in a systematic fashion, then the desolvation step would induce 
smaller non-random clusters. One way to develop an ordered arrange
ment is to directionally connect the ammonium ions using an anionic 

crosslinker. These molecules should be coordinatively unsaturated, so 
they can serve as a nucleus to self-assemble with other units to form a 
smaller size nanoparticle. Using this synthetic approach, we could 
achieve the following crucial progress: (i) facilitate the intramolecular 
interaction of gelatin units using a polyanion that bridges an ionic link 
between the charged cationic amine groups of two individual polymer 
units (Figs. 1 and S1a), and (ii) slow the rate of nanoprecipitation by 
rationale choice of antisolvents with different desolvation efficiencies 
(see Fig. 1). 

To test our hypothesis, we treated the acidified solution of gelatin 
with sodium tripolyphosphate (Na5P3O10; TPP) to spatially entrap 
gelatin strands to form nanoclusters (see ES and Fig. S1a) [36]. Upon 

Fig. 1. Synthesis of GX. Synthesis and purification of 10 nm gelatin nanoparticles (GX) using TPP as a crosslinker followed by nanoprecipitation.  
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treatment of the nanoclusters with Ethanol-Acetone mixture (v/v; 1:1), 
~5 nm toroid-like ring structures were formed within few minutes of the 
reaction as evidenced by HR-TEM images (Fig. 2a). After the completion 
of the reaction, the toroid structures self-assembled to form uniform 10 
nm sized polyhedral structures (Figs. 2b and S2). We believe the inter
mediate toroid-like units may play a crucial role in the hierarchical 
self-assembly process to create the higher-order geometries [37,38]. To 
confirm that phosphates in TPP mediated the assembly process, we 
performed STEM-EDS spectra of the gelatin nanoparticle, and it showed 
the presence of phosphorus within the framework (Fig. S1b). We varied 
the gel-sol:Nanoprecipitant ratio (3:10 v/v) to control the rate of 
nanoprecipitation, and it resulted in the formation of a homogenous 
~10 nm porous hollow structures (GX) (Figs. 2b, 2c, and S2). The 
nanoparticle structure resembled a complex class II geodesic polyhedron 
with rotational vertexes, thickness around ~1.6 nm with a cavity around 
5–10 nm (Fig. S2). The purified GX showed a hydrodynamic diameter of 
10 ± 3 nm with a +20 mV zeta potential (Fig. 2c and d, and S3). This 
process is the first reported facile synthesis of ultra-small protein-based 
nanoparticle structures in literature, to the best of our knowledge [20, 
39–52]. 

3.2. 3D structure of GX 

We performed an in-depth image analysis to understand the 3D ge
ometry of GX to obtain insight into the self-assembly of these nano
particles. We used HR-TEM images of GX to map the local thickness and 
distance between the pixel intensities [53]. Further, using these resolved 
distance-maps, we created 3D surface plots at various angles (Fig. 3a). 
Specifically, we generated iterative volumetric models (Fig. 3b; models i,
ii, and iii) and converted them to 3D surface plots that best represent GX 

morphology (Fig. 3b) [54]. The structures were polyhedron in nature 
with rotational vertexes, as seen in the HR-TEM images (Figs. 2 and 3a, 
and S2). We predict that each higher-order GX nanostructure consists of 
toroid-like building blocks based on the reconstructed volumetric 
models. The self-assembly process created a porous void in the structure 
of GX. Indeed, the thin shell coupled with the hole inside the structure 
posed a significant challenge in recording HR-TEM of GX (see ES) [55]. 
On the other hand, the size and density of GX rendered themselves to 
scatter incident photons, enabling nanoparticles to be monitored by 

dynamic light scattering (DLS) technique [56]. 

3.3. Optimization of GX synthesis 

We asked the following questions with regards to the use of cross
linking agent, TPP: (i) Whether the TPP should be added before or after 
the desolvation step? and (ii) what is the optimum amount of TPP 
required to obtain uniform size GX? To answer to the first question, we 
performed a series of reactions wherein we added TPP before or after the 
nanoprecipitation (or desolvation) step. As presented in the earlier 
sections, TPP bridges ammonium ions present in the backbone of gelatin 
strands. If the antisolvent precipitates gelatin, then the molecular 
arrangement will be disrupted and TPP would become incapable to form 
ionic bridges. As predicted, the addition of TPP after desolvation led to 
formation of non-homogenous nanoparticle populations with larger 
sizes (Figs. 4a and S4). As expected, addition of TPP before the precip
itation step resulted in uniform size GX formation (Fig. 4a). The study 
further confirms that TPP should be added before desolvation as it 
mediates the ionic bond to enable the self-assembly process and 
generate uniform size GX (Fig. 4a). To answer the second question, we 
systematically increased the concentration of TPP (0; 0.1; 0.4; 1 or 2.5 
mg/mL) in the nanoprecipitant solution and added it during the second 
desolvation step. The results showed that, up to a certain concentration 
(0.4 mg/mL) the reaction is resilient, and the size of the particle showed 
no variation (Fig. 4b). But, after the threshold concentration, the gelatin 
particles precipitated from the reaction. As we increased the TPP con
centration, the amount of nanoprecipitant required to generate particles 
decreased proportionally. Based on our experiments, we found that 
~200 μL of 0.5% TPP in the nanoprecipitant solution (0.1 mg/mL) was 
optimum to form uniform sized GX (Fig. 4b). 

Next, we studied the influence of desolvation mixture, ethanol: 
acetone, in the size of the GX nanoparticles. We used the following ratios 
− 1:1; 1:2; 1:4 or 1:10 (EtOH:Me2CO; v/v) to precipitate the nano
particles and recorded the size by DLS. Both 1:1 and 1:2 showed no 
variation in the final Gx formation, and the sizes were uniform. How
ever, increasing the ratio of acetone to 1:4 or 1:10, resulted in turbidity 
of the solution indicating the aggregation of gelatin (Fig. 4c). These 
results agreed with previous literature which has shown denaturation 
led to increased particle size [35,57]. Based on the results, it is apparent 

Fig. 2. Characterization of GX. (a) HR-TEM images of the reaction mixture during the initial stages of the synthesis of GX. The images show the formation of 
primordial toroid-like nanostructures (denoted by arrows), (b) HR-TEM images of purified GX nanoparticles, (c) DLS, and (d) Zeta potential spectra for GX. 
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that a 1:1 ethanol:acetone mixture was optimum in producing a ho
mogenous colloidal solution without any visible precipitation (Fig. 4c). 

The pH of the reaction determined the number of protonated amines 
in the backbone of gelatin. The pI of the gelatin type-A that we used in 
this study was between pH 7–9 [8,58]. Therefore, we chose to study the 

influence of pH (2, 2.75, and 5.6) in the size and homogeneity of 
generated Gx nanoparticles. If the pH of the solution was <6 (acidic) 
then the particles were smaller in size (Fig. S5a) [8,58]. Even though the 
smaller particles are formed at pH 5.6, (the native pH of gel-sol is 5.0 at 
25 ◦C) the solution was glassy, and the precipitation ensued rapidly. The 

Fig. 3. Structure of GX. (a) 3D surface plot of single GX nanoparticles analyzed using distance mapped HR-TEM images, and (b) Approximated volumetric models 
with their representative 3D surface plot. Models i, ii, and iii represent higher-order polyhedral geometries. 
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precipitation may be due to lower repulsion between gelatin units [34]. 
On the other hand, lowering the pH ≤ 2 required more antisolvent to 
form nanoparticles, thereby changing the nanoprecipitant:gelatin ratios 
and causing visible destabilization. Based on our data, we found that pH 
2.75 is optimum to form GX (Fig. S5a). Also, we studied the effect of salt 
(10 mM NaCl) or sugar (10% sucrose) in gel sol in the formation of 
nanoparticles [5,59]. The results showed that formation of GX was un
hindered by either of the molecules further reiterating no influence on 
the ionic interactions between ammonium ions and TPP molecules 
(Fig. S5b). Finally, we attempted to synthesize GX by controlling the 
reaction-temperature and varying the crosslinkers (Fig. S6). But these 
methods showed poor reproducibility. 

3.4. In vitro spheroid penetration by Gx nanoparticles 

The aim of this study was to evaluate the penetration characteristics 
of three different sized gelatin nanoparticles into 3D tumor spheroids. 
GNPs contain functional groups to either covalently or electrostatically 
bond dye molecules; in this study, we surface adsorbed Rhodamine-B 
(RhB) or covalently conjugated Cyanine-5 (Cy5) molecules to form 
GM-dye (M = X (10 nm), L (50 nm), or CC (200 nm); dye = RhB or Cy5) 
constructs [8,29,32]. We characterized the conjugates using TEM, DLS, 
zeta, and fluorescence spectroscopy (Fig. 5). In parallel, we developed 
both ovarian and non-small cell lung cancer (NSCLC) spheroids based on 
the manufacturer’s protocols (see ES). The spheroid formation was 
monitored by bright-field microscopy. After 5 days, the spheroids were 

Fig. 4. Optimization of GX synthesis. (a) Presence of TPP before the addition of nanoprecipitant promotes self-assembly of GX nanoparticles, evident by DLS 
spectroscopy. (b) Optimization of TPP concentration in nanoprecipitant-mixture added to reaction solution for formation of GX. (c) Optimization of Ethanol:Acetone 
ratio (nanoprecipitant-solution) added to reaction solution for formation of GX. 
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formed, and the sizes of 197 ± 15 μm (NCI-ADR-RES), and 173 ± 12 μm 
(A549) were selected for the study. The cells were tightly packed in 
ovarian cancer (NCI-ADR-RES) spheroids compared with that of NSCLC 
(A549). 

Confocal fluorescence microscopy (CFM) can be used as a tool to 
evaluate the penetration of the fluorescent GM-dye constructs in tumor 
spheroids. As a first step, we incubated the spheroids with different 
concentrations of free dye or constructs to determine the treatment 
concentration for the imaging study. The chosen concentrations of the 
GM-dye (equated by fluorescence intensity) did not show any toxicity in 
cells and the spheroid integrity was maintained (Fig. S7). After selecting 
the working concentration, the ovarian and NSCLC spheroids were 
incubated with GM-dye for a period of 6 h. The spheroids were imaged at 
different depths using CFM (Figs. 6, and 7), and linear Z compensation 
was applied to account for the variable z-depth reduction in signal 
resulting from the slight variation in compactness between spheroids. 

To provide a preliminary qualitative picture of the CFM data, we 

segmented the spheroid into three sections: outer (10–20 μm); inner 
(30–40 μm); and deep (50 μm). In the case of RhB loaded particles, the 
GCC-RhB particles were brightly seen in the outer region and faintly in 
the inner region of the spheroid, however, no fluorescence was observed 
in the deep region of both NCI-ADR-RES and A549 spheroids (Fig. 6). On 
the other hand, the GL-RhB and GX-RhB particles were observed in all 
regions of the spheroid. Based on this preliminary analysis, we suspect 
that the order of penetrance into the deep tumor region is: GX-RhB = GL- 
RhB » GCC-RhB. In the case of Cy5 loaded particles, GX-Cy5 particles 
were more prominent in all regions of the spheroid compared to GL-Cy5 
or GCC-Cy5. Based on this preliminary analysis, we suspect that the order 
of penetrance into the deep tumor region is: GX-Cy5>GL-RhB = GCC- 
RhB. 

The linear Z compensation applied during imaging precludes the 
comparison of raw intensity between sections/spheroids. Therefore, to 
enable the comparison, the relative mean intensity of the inner and outer 
regions of each section was calculated (inner defined as 2/3rd of the 

Fig. 5. Characterization of GX, GL, GCC and respective dye-tagged constructs. STEM image, corresponding size-distribution histogram and DLS spectra with 
TEM-inset for (a) 10 nm GX, (b) 50 nm GL and (c) 200 nm GCC nanoparticles. Fluorescence spectra of dye-tagged (Rhodamine-B or Cyanine-5) GX, GL or GCC 

nanoparticles for the treatment with 3D tumor spheroids. 
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radius of each section; Fig. 7a and b). The average relative mean in
tensity values (n ≤ 3) hinted that Gx and GL show greater penetration 
when compared to GCC, except in the case of Cy5 constructs where GCC 

suggested slightly better penetration than GL. The data (n ≤ 3) also 
suggested that GX showed greater penetration than GL in the case of NCI- 
ADR-RES (RhB and Cy5) and A549 (Cy5 only). GX-RhB and GL-RhB were 
similar when the data point spread was compared, making it difficult to 
conclusively claim that GX showed greater penetration that GL (Fig. 7c 
and d). 

Next, we treated the spheroids for 14 h with the constructs and z- 
stacked the CFM images to view its 3D reconstruction (rotated along x- 
axis); the 3D volume suggested higher GX-RhB penetration within both 
NCI-ADR-RES or A549 tumor spheroids than GL-RhB or GCC-RhB con
structs (Supplementary video - Sv). It is important to note that, 200 nm 
GCC-dye constructs formed a shell around the outer layer of the tumor 
spheroids indicating high tumor-surface localization (Fig. 6 and Sup
plementary video - Sv). This observation was in line with the previous 
literature studies, wherein larger particles are known to exhibit poor 
permeation within tumors [18]. Pratiwi and coworkers evaluated the 
tumor penetration of mesoporous silica nanoparticles with sizes 25, 50, 
and 200 nm using two-photon excitation microscopy (TPEF) [15]. 
Among the nine different parameters compared, they found both the 
shape and size of the particles were crucial in determining the pene
tration characteristics. The study showed that 25 nm particles had better 
penetration than the 50 nm; however, the 200 nm particles mainly 
resided on the surface. In another study using polymeric micelles of sizes 
30, 50, 70, and 100 nm, Cabral and coworkers showed that 30 nm 
particles had better deep tumor penetration capability than others [17]. 

Previous studies have shown that smaller-sized particles are more effi
cient in passing through intercellular space with effective spatial dis
tribution within the tumor spheroids [13,15,60,61]. Even in our studies, 
GX nanoparticles showed better penetration than GCC. Other factors such 
as charge, shape, treatment duration, or how the dye is bonded with the 
nanoparticles could also play a role in tumor penetrability. Therefore, 
further investigation is warranted to comprehensively study the effect of 
these factors on deep tumor penetration of GX [18,61,62]. 

3.5. Encapsulation of drug or contrast agents in GX 

Next, we examined the ability of GX to encapsulate different mate
rials. Indeed, the TEM images and 3D volume reconstruction models 
predicted that the structure of GX contains a void inside. 

The GX structure prompted us to evaluate whether it can encapsulate 
the drug or imaging agent inside the void. Further, gelatin is ampholytic, 
which means that the backbone can attach to both hydrophobic and 
hydrophilic molecules [2,63]. We chose two drugs for encapsulation, 
doxorubicin (DOX) and cisplatin (CP), to generate (GX(R); R = DOX or 
CP) (Fig. 8a). We mixed predetermined concentrations of the drug with 
protonated gelatin (Drug: Gelatin ~3.8% w/w) and followed the same 
steps used for synthesizing GX. After the synthesis, we centrifuged the 
reaction mixture and washed the precipitate to remove free drug. The 
hydrodynamic sizes of the final product were ~12–20 nm with PDI of 
~0.5–0.8. The cisplatin encapsulated GX was slightly larger (~19 nm) 
(Fig. S8). The zeta potential of GX(R) was positive and greater than 20 
mV. The TEM images of the GX(R) are shown in Fig. 8b. The GX(R) 
particles were darker in TEM images than pristine GX; especially, the 

Fig. 6. 3D Spheroids treated with GM-Dye constructs. Confocal Fluorescence Microscopy (CFM) images of 3D tumor spheroids treated with GX, GL or GCC 

nanoparticles tagged with Rhodamine-B (RhB), or Cyanine-5 (Cy5) dye, at various penetration depths (10–50 μm). (a and b respectively) NCI-ADR-RES and A549 
spheroids treated with GM-RhB constructs. (b and c respectively) NCI-ADR-RES and A549 spheroids treated with GM-Cy5 constructs. The images are representative. 
The difference in linear z compensation applied during imaging prevented comparisons of raw-intensity between sections/spheroids. (M = X, L or CC). 
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cisplatin loaded GX absorbed electrons effectively and it appeared 
significantly darker. We recorded the UV–Visible absorption/
fluorescence spectra of GX (DOX), and it showed a characteristic 
absorbance at 490 and emission at 590 nm (Fig. 8c). Further, the 
STEM-EDS spectra of GX (CP) showed platinum peaks confirming the 
presence of drug trapped inside (Fig. 8d). The study showed that the 

void in GX is ideally suited to encapsulate drugs and still retain their size. 
Importantly, this data establishes the potential of GX to serve as delivery 
agents. 

We also evaluated the potential of GX to encapsulate computed to
mography (CT) imaging contrast agents such as Iodixanol (IO) within its 
porous structure. Previous studies have encapsulated X-ray contrast 

Fig. 7. Spheroid segmentation analysis to evaluate the penetration of GM-Dye constructs. Representative spheroid sections (30 μm depth from periphery of 
spheroid) from spheroids (n ≤ 3) treated with GX, GL or GCC nanoparticles tagged with Rhodamine-B (RhB) or Cyanine-5 (Cy5) dye. (a) NCI-ADR-RES and A549 
spheroids treated with GM-RhB constructs. (b) NCI-ADR-RES and A549 spheroids treated with GM-Cy5 constructs. Relative mean-intensity values of inner section vs 
periphery at various penetration depths for each group treated with (c) GM-RhB constructs or (d) GM-Cy5 constructs. (M = X, L or CC). 
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agents within liposomes or polymeric nanoparticles for diagnostic ap
plications [64,65]. As GX possess a similar framework, we hypothesized 
that the nanoparticles can encapsulate IO within the matrix. In our 
study, we mixed IO with gelatin sol (IO:Gelatin ~7.4% w/w) and 
nanoprecipitated to form GX (IO) (Fig. 8a). As shown in Fig. 8b, HR-TEM 
images confirm the morphology of the GX was preserved. The size of 
HR-TEM agreed with DLS data (~8 nm) showing negligible differences 
to its hydrodynamic size (Fig. S8). Notably, a slight increase in zeta 
potential of ~25 mV was observed (Fig. S8). We characterized GX (IO) 
using EDS to detect presence of iodine (I) in the construct and identified 
a specific peak corresponding to I, indicating presence of IO within the 
construct (Fig. 8e). Taken together, the data shows that GX nanoparticles 
can encapsulate both drugs or contrast agents during the self-assembly 
process and have a potential to serve as ideal theranostic agents. 

3.6. Encapsulation or surface attachment of gold nanoparticles with GX 

Next, owing to the unique size and morphology of GX, we explored its 
use as a building block to synthesize hybrid nanostructures. A variety of 

hybrid nanostructures with multidimensional components have been 
shown to provide enhanced therapeutic or diagnostic benefits [66,67]. 
Specifically, when using a single sized-nanoparticle there may be 
inherent limitations to pharmacokinetics, tumor localization and 
intra-tumor spatial distribution [18,62]. For example, larger particles 
(>60 nm) localize in the tumor vasculature and target tumor surface 
efficiently but exhibit low penetration; whereas, smaller particles (<60 
nm) penetrate deeply and spatially distribute within the tumor but 
localize poorly. By combining two different sizes or functionalities, these 
limitations can be further mitigated. Particularly, the “tanker” and 
“barge” motifs that form the basis of the two hybrid nanocomposite 
design strategies, can be used to form dual-nanoparticle hybrids [66]. In 
this approach, smaller particles are encapsulated within a larger hollow 
particle. In this study, we developed the following hybrid nanomaterials 
by entrapping ultra-small gold nanoparticles (AuNP) within the cavity of 
GX (Fig. 9a). For forming dual-nanoparticle GX (Au) hybrid, AuNP was 
mixed with gel sol and then nanoprecipitated. As seen in HR-TEM im
ages, 2 nm AuNP were effectively entrapped within the structure of GX 

(~10 AuNP/GX) (Fig. 9b and Fig. S9). DLS spectra showed minimal 

Fig. 8. Synthesis and characterization of GX (Drug) or GX (Contrast-agent) constructs. (a) Synthesis of drug/contrast-agent encapsulated GX nanoparticles (b) 
TEM images of GX (DOX), GX (CP) and GX (IO); images show the morphology of the particles is retained. (c) Absorbance and fluorescence spectra of GX (DOX) and 
STEM-EDS spectra for (d) Platinum peak in GX (CP) and (d) Iodine peak in GX (IO). 

D. Suresh et al.                                                                                                                                                                                                                                  



Bioactive Materials 18 (2022) 321–336

333

change to the hydrodynamic size as the AuNP was encapsulated. The 
entrapment efficiency varied based on the surface coating on the AuNP 
(Fig. S10a). By changing the surface characteristics or size of AuNP, we 
observed AuNP would attach to the surface of GX as seen in HR-TEM 
images and a correlated shift in their DLS spectra (Fig. S10a). Such 
hybrid assemblies can be used to deliver nanoparticles deep within the 
tumor. Potentially, such assemblies could be functionalized, where each 
nanocomponent would carry a contrast agent or drug for effective 
theranostics [68,69]. 

3.7. Multi-sized nanoparticles in single nanostructure using GX 

For developing core-satellite hybrids using gelatin matrix, we 
developed a novel in situ synthesis wherein GX and GCC particles were 
synthesized in the same reaction solution with a mixture of crosslinking 
agents (Fig. 9c). In this reaction, GX was first synthesized followed by 
addition of a mixture containing both TPP and glutaraldehyde (GLU). 
GLU is known to crosslink the lysine ε-amino groups and N-terminal 
amino acids of the gelatin chain [70] and has been used in numerous 
studies for forming larger 200 nm GCC [6,8,32,58,71,72]. As shown in 
Fig. 9d, HR-TEM images show the formation of GCC-GXsat core-satellite 

Fig. 9. GX Hybrid Nanostructures. (a) Synthesis of gold nanoparticle-encapsulated GX hybrid nanocomposites, (b) HR-TEM images, DLS and Zeta potential spectra 
and data for GX (2 nm AuNP) hybrid. (c) In-situ formation of GCC-GX core-satellite nanocomposites, and (d) HR-TEM images, DLS, and Zeta potential spectra for GCC- 
GXsat hybrid nanoparticles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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assemblies where 150–200 nm GNPs were decorated with an average of 
~4 GX particles (Fig. 9d). Prior attempts to form such core-satellite as
semblies often involved metal-metal or metal-organic frameworks based 
on electrostatic or covalent linking methods [73–77]. Similarly, in a 
previous study we have developed core-satellite assemblies of gelatin 
nanoparticles and AuNP using microfluidic synthesis [33]. Notably, the 
difference in this synthesis was that GCC was formed in a GX reaction 
solution and GX was not separately attached. As such these 
multi-dimensional hybrids were self-assembled in situ and each nano
component (200 nm and 10 nm) may be used for efficient tumor 
localization and deep penetration [19,22]. We also found that by 
changing the amount of glutaraldehyde in the reaction we could tune 
the size of the satellite nanoparticles (Fig. S10b). These results demon
strate that dual-nanoparticle based hybrid nanostructures can be used 
for increasing the tumor penetration efficiency and other applications 
where size-based multi-staged delivery may be appropriate. Altogether, 
GX nanoparticles present a new class of porous spherical ultra-small 
protein-based nanoparticles that can be used towards development of 
nanomedicine and diagnostics. Future studies to understand the mech
anism of assembly kinetics may be beneficial towards exploring these 
potential applications. 

4. Conclusion 

This study has established a reproducible facile route to synthesize 
ultra-small 10 nm protein-based Gelatin nanoparticles (GX) and explored 
its physical properties. GX had a characteristic polyhedral porous 
structure with positive zeta potential and contained functional groups 
on the surface. To study the deep tumor penetration capabilities of 
smaller-sized GX, we compared the penetration efficiency of nano
particles of three different sizes: 10 nm GX, 50 nm GL and 200 nm GCC. In 
general, the smaller-sized GNPs showed better spheroid penetration 
compared to the larger nanoparticles. Furthermore, we developed stra
tegies to encapsulate drugs or contrast agents within GX. These agents 
can be used for delivering precision medicine or diagnosing diseases. We 
also developed multifunctional hybrid nanostructures using GX, wherein 
2 nm gold nanoparticles were encapsulated within GX, or formed GCC-GX 

core-satellite hybrid nanocomposites. We anticipate these hybrid 
nanocomposites have outstanding potential for developing a new class 
of multi-staged payload delivery vehicles. In summary, this study 
generated a novel functional platform based on 10 nm biodegradable 
protein-based nanoparticles for advanced biomedical applications. 
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