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Figure S1. (a) Induction times and (b) rates of fibrillization obtained from the rheological and 
turbidity measurements and plotted for comparison. Figures 1c and 2b as well as Figures 1d and 
2c were used to generate these plots a and b, respectively. 
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S2. Densification of HHC gels via GAE 
Aspiration of HHC gels with pH 5, 5.5 and 6 was not feasible as the gel networks were not 

strong enough to withstand as a whole under the negative pressure (suction) leading to the 

rupturing of the gels. For example, the aspiration of the gel of pH 6, was either not successful (the 

gel could not be entirely aspirated); or the aspirated gels were fragile, breaking down during 

ejection. The aspiration of HHC gel of pH 6.5 was possible, however, the as-ejected gels were still 

fragile and hard to handle. Similarly, gels with high pH of 10.5 and 11 could not be aspirated. At 

such high pH, gels behave more solid-like (i.e., with higher G'; Figure 2d) making it more difficult 

for the gel networks to yield and flow inside the needle. That is, for gels of higher pH which are 

stiffer, unbinding of the entanglements becomes difficult , which consequently interferes with their 

aspiration-ejection process.  

 
Figure S2. (a-d) Aspiration and (e-f) ejection steps in the GAE densification technique. Precursor 
HHC gel is aspirated into the needle while a part of the liquid is expelled out (b to c). The densified 
gel is then ejected into phosphate-buffered saline (PBS) (e and f). 
 
S3. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy 

Dried GAE-derived dense collagen matrix samples were examined using ATR-FTIR 

(Thermo Scientific Nicolet iS10). The spectra were collected between 4000 and 500 cm-1 with a 

resolution of 2 cm-1 and 64 scans per measurement. The spectra were normalized to the amide I 

peak (1635 cm-1). 

The spectra presented in Figure S3 indicate that all samples demonstrated similar patterns 

composed of the typical absorption bands of type I collagen, i.e., amide I (C=O stretching) at 1635 

cm-1, amide II (N–H deformation and C–N stretching) at 1550 cm-1, and amide III (N–H 

deformation and C–N stretching) at 1228 cm-1 as well as amide A (N–H and O–H stretching) at 

~3305 cm-1 and amide B (C–H stretching) at 2930 cm-1. All these main characteristics bands 
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appeared in the same positions indicating that the fibrillization pH range of 7 to 10 did not affect 

the structure of collagen. However, the unusual spike in the spectrum of sample of pH 10 in the 

range of 1800-4000 cm-1, which may be caused by intense infrared light scattering, can be partly 

attributed to the increase in the number of hydroxyl groups forming hydrogen bridges within the 

gel network potentially promoting physical crosslinking [1-5].  

 

 
 
Figure S3. ATR-FTIR spectra of the GAE-derived densified gels produced from HHC gels of 
various pH. Spectra were normalized to the amide I band.  
 

 

  
 
Figure S4. Correlation between the compressive modulus (Figure 4b) of the densified gels and (a) 

G' of the precursor HHC gels (Figure 2d); (b) CFD of the densified gels (Figure 3e); and (c) 
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collagen fibril directionality of the densified gels (Figure 3c), all as a function of pH. Note that the 
dispersion index (in graph c) is inversely related to the level of fibril alignment, i.e., systems of 

lower pH having higher dispersion indices, exhibited lower levels of fibril alignment (Figure 3 b 

and c). 
 
S4. Plotting the G'-time curves 

Both the soft and stiff modes of ElastoSensTM Bio2 were used to accurately measure gels 

with G' values lower and higher than 500 Pa, respectively. The final G'-time plots were then 

constructed by combining the data of both modes to create the most accurate patterns (n = 5) for 

the solutions of various pH from loading until gelation. The only exceptions were the solutions of 

pH 4 and 5 which were solely tested in the soft mode since their G' values were below 500 Pa. 
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