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sensitivity to pH dysregulation. As a result, acid exposure of bone, both clinically and in
the laboratory, is expected to cause compositional and mechanical changes to the
tissue. Clinically, metabolic acidosis (MA), a condition characterized by a reduced
physiological pH, has been shown to have negative implications on bone health,
including a decrease in bone mineral density and volume as well as increased fracture
risk. The addition of bone-like apatite to ionic solutions such as phosphate buffered
saline (PBS) and media has been shown to acidify the solution leading to bone acid
exposure. Therefore, is it essential to understand how reduced pH physiochemically
affects bone composition and in turn its mechanical properties. This study investigates
the specific changes in bone due to physiochemical dissolution in acid. Excised murine
bones were placed in PBS solutions at different pHs: a homeostatic pH level (pH 7.4),
an acidosis equivalent (pH 7.0), and an extreme acidic solution (pH 5.5). After 5 days,
the bones were removed from the solutions and characterized to determine
compositional and material changes. We found that bones, without cells, were able to
regulate pH via buffering, leading to a decrease in bone mineral content and an
increase in collagen denaturation. Both of these compositional changes contributed to
an increase in bone toughness by creating a more ductile bone surface, likely
preventing crack propagation. Therefore, we conclude that the skeletal systems’
physiochemical response to acid exposure includes multifaceted and spatially variable
compositional changes that affect bone mechanics.
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Response to Reviewers: Response to Reviewer:

Reviewer #2: Thank you for submitting your contribution entitled "Physiochemical
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effects of acid exposure on bone composition and function" to Journal of the
Mechanical Behavior of Biomedical Materials. The work is interesting and the paper
can be accepted for publication after minor revision is performed, but some questions
should be addressed:

We thank the reviewer for taking the time to go through the manuscript and will try to
address all of the concerns.

Comment 1: The micromorphology of bone after acid exposure should be additionally
tested and discussed. To illustrate the effects of acid exposure on bone physiological
function from a microscopic perspective.

We appreciate your comment on further investigated micromorphology of bone after
acid exposure. We agree that performing microcomputed tomography on these
samples could have provided some useful additional insight into the effects of acid
dissolution on the bone microstructure. However, since the focus of this paper was
primarily to examine correlations between composition and mechanics in response to
acid exposure, we prioritized analysis with Raman spectroscopy, FTIR, and X-ray
Diffraction. To do so, we had to pulverize the bones into powders meaning that we are
no longer able to analyze the bone for micromorphology. That said, since the
mechanical testing is being performed in 3pt bend with loading focused on the middle
of the shaft we expect that the any structural contribution to the mechanics would be
from the cortical bone and not from any micromorphological changes to the trabecular
bone. Our macro-scale measurements suggest that the thickness of the cortical bone,
average centroid, and second moment of inertia remain unchanged (Figure 2). In
addition, our Raman measurement in both the interior and the exterior provide strong
evidence that the mineral content is reduce with acid exposure. These data sets
provide data equivalent to the macrostructural and BMD measures that would have
been obtained from µCT. Unless we looked at very high resolutions, there are few
other microscale structures such as porosity that could have been identified in the
cortical bone using µCT. Therefore, we feel that the data presented here provides
insight into how acid exposure affects bone composition and mechanics in a system
with minimal changes to the cortical structure.

Comment 2: Please give an explanation on why the pH rises fastest in the first three
hours (PBS pH5.5).

To replicate the in vivo environment, the bone to fluid ratio in this study is maintained
such that the bone does not fully undergo dissolution and instead it reaches a point of
equilibrium where the solution becomes supersaturated with apatitic ions. These
values were determined thanks to our previous work with biomimetic bone apatites1,2.
Once equilibrium is reached, the bone mineral undergoes a continuous process of
dissolution and recrystallization as seen in the body3. The rate at which the apatite
dissolves, is highly complex and has been investigated by many 4-7. This is further
complicated in our experimental system since the bone structure and porosity play a
role in ionic transport and dissolution rate. In the system described here, it appears that
at pH 5, it takes approximately 3 hours for sufficient mineral to dissolve in other to
reach an equilibrium state. Because pH 5 is the most acidic it has the highest level of
dissolution resulting in the largest change in pH over time.

We added the following sentences to ensure clarity. In methods section 2.1:
“Fluid volumes were selected to promote chemical equilibrium.”

And in the beginning of Discussion section 4.1:
“Additionally, the change in pH 5.5 showed a rapid increase during the first few hours
after which a chemical equilibrium was reached.”

Comment 3: Figures need more detailed processing to improve readability.

Thank you for giving us feedback on the figures. We have saved them at higher
resolution to improve the readability.
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We appreciate your comment on further investigated micromorphology of bone after acid exposure. We 
agree that performing microcomputed tomography on these samples could have provided some useful 
additional insight into the effects of acid dissolution on the bone microstructure. However, since the focus 
of this paper was primarily to examine correlations between composition and mechanics in response to 
acid exposure, we prioritized analysis with Raman spectroscopy, FTIR, and X-ray Diffraction. To do so, 
we had to pulverize the bones into powders meaning that we are no longer able to analyze the bone for 
micromorphology. That said, since the mechanical testing is being performed in 3pt bend with loading 
focused on the middle of the shaft we expect that the any structural contribution to the mechanics would 
be from the cortical bone and not from any micromorphological changes to the trabecular bone. Our 
macro-scale measurements suggest that the thickness of the cortical bone, average centroid, and second 
moment of inertia remain unchanged (Figure 2). In addition, our Raman measurement in both the interior 
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from µCT. Unless we looked at very high resolutions, there are few other microscale structures such as 
porosity that could have been identified in the cortical bone using µCT. Therefore, we feel that the data 
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highly complex and has been investigated by many 4-7. This is further complicated in our experimental 
system since the bone structure and porosity play a role in ionic transport and dissolution rate. In the 
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Abstract 
Bone is primarily composed of collagen and apatite, two materials which exhibit a high sensitivity 

to pH dysregulation. As a result, acid exposure of bone, both clinically and in the laboratory is expected to 
cause compositional and mechanical changes to the tissue. Clinically, Metabolic acidosis (MA), a condition 
characterized by a reduced physiological pH, has been shown to have negative implications on bone health, 
including a decrease in bone mineral density and volume as well as increased fracture risk. The addition of 
bone-like apatite to ionic solutions such as phosphate buffered saline (PBS) and media has been shown to 
acidify the solution leading to bone acid exposure. Therefore, is it essential to understand how reduced pH 
physiochemically affects bone composition and in turn its mechanical properties. This study investigates 
the specific changes in bone due to physiochemical dissolution in acid. Excised murine bones were placed 
in PBS solutions at different pHs: a homeostatic pH level (pH 7.4), an acidosis equivalent (pH 7.0), and an 
extreme acidic solution (pH 5.5). After 5 days, the bones were removed from the solutions and characterized 
to determine compositional and material changes. We found that bones, without cells, were able to regulate 
pH via buffering, leading to a decrease in bone mineral content and an increase in collagen denaturation. 
Both of these compositional changes contributed to an increase in bone toughness by creating a more ductile 
bone surface and preventing crack propagation. Therefore, we conclude that the skeletal systems’ 
physiochemical response to acid exposure includes multifaceted and spatially variable compositional 
changes that affect bone mechanics.  
  
Statement of Significance 

Over 2 million people in the US are affected by metabolic acidosis annually leading to 
compromised bone health. Although physiochemical and cell-mediated dissolution have been identified as 
mechanisms responsible for bone loss during acidosis, their relative contributions remain unknown. By 
elucidating the possible contribution of physiochemical dissolution to bone structure, composition, and 
mechanics during acidosis, we can start to isolate the factors that most affect bone health during this disease 
and tailor future improved and targeted treatments.    
  
Key words: Acidosis, Physiochemical, Bone composition, Biomechanics, Bone mineral  
  
Abbreviations 
Metabolic acidosis, MA; Bicarbonate, HCO3; Phosphate, PO4

3-  
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1. Introduction 
The primary components of bone, collagen and apatite mineral, both exhibit sensitivity to low pH 

[1-5]. This makes bones prone to structural, compositional, and mechanical modifications during exposure 
to acidic environments. Clinically, conditions that cause reduced blood pH, like metabolic acidosis (MA) 
[6], affect approximately 2 million people in the United States annually [7-10]. In these individuals, the 
kidneys and lungs are no longer able to excrete sufficient acid[6], and  as a result the skeletal system 
undergoes dissolution promoting the release of buffering ions like bicarbonate (HCO3

-) and phosphate 
(PO4

3-) [11, 12]. This results in decreased bone mineral density [13], bone volume [14], and increased 
skeletal defects and fracture rates [15]. Despite the growing incidence of MA, the mechanism of bone 
dissolution and its consequences remain relatively obscure. Studies point to a 2-part mechanism including 
an initial physicochemical bone dissolution resulting from the chemical interactions between protons and 
bioapatite followed by cell-mediated resorption prompted by acid activation of osteoclasts and [16-25]. 
Although there have been numerous studies examining the effects of acid on osteoclast behavior [17-22, 
24, 25]; little has been done to elucidate the physiochemical contributions of acid exposure to bone 
response.  

This is also extremely important in the laboratory environment where bones are often stored in 
ionic solutions like media or phosphate buffered saline solution (PBS) which may undergo acidification. 
Studies have shown that the addition of nanocrystalline calcium deficient apatites, similar to those seen in 
bone, to ionic solutions, including a variety of cell-culture media, results in solution acidification[26, 27]. 
This seems to stem from the release of acidic ionic species from the apatite hydrated layer [26]. Since bone 
mineral exhibits a similar hydrated, non-apatitic surface, it is possible that solution acidification during 
storage of hard skeletal tissues could be a concern.  

Therefore, this study focuses on delineating the physiochemical contributions of acid exposure to 
bone composition and mechanics by eliminating cellular processes and exclusively examining the bone 
response under chemical circumstances. By exclusively examining the effect of physiochemical acid 
exposure on bone chemistry and its secondary effects on mechanics, we will identify the contribution of 
physiochemical dissolution on acid-exposed bone. 

2. Methods 

2.1 Ex vivo acid exposure of murine bones.  
All animal experiments were approved by the UConn Health Center Institutional Animal Care and 

Use Committee. The tibia, fibula, radius, and ulna were excised from previously frozen 4-6-month-old CD-
1 wild type mice and scraped clean of soft tissue. After dissection, the bones were weighed and one of each 
bone was placed in a 15 ml conical tube (Fig 1A). The bones were exposed to 10 ml of 1X Phosphate 
Buffered Saline (PBS) that was titrated to an initial pH (pHi) of 5.5, 7.0 or 7.4 using HCl or NaOH for 5 
days at 5°C. Fluid volumes were selected to promote chemical equilibrium. pH 7.4 is representative of 
physiological pH, pH 7 represents acidotic murine conditions [28], and pH 5.5 represents an acidic extreme 
for comparison. Controls included bones not exposed to any solution and each of the PBS solutions at the 
varying pHi’s without the bones. Each condition was performed in triplicate. Over the course of the 5-day 
exposure, pH testing was performed at 0, 1, 3 and 6 hours after exposure, and every successive 24 hours 
thereafter using a pH probe. After 5 days, the bones and solution solutes were separated via filter paper, the 
bones were weighed and both bones and solute were characterized as described in the following sections. 
Changes in bone mass were measured from the difference in mass before and after solution exposure.  
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2.2 ICPOES 

One solution sample from each experimental and control condition was analyzed for compositional 
changes using a Perkin Elmer 7300DV Dual View Inductively Coupled Plasma – Optical Emission 
Spectrometer (ICP-OES). We specifically examined changes in calcium (Ca), phosphorus (P), sodium (Na), 
and potassium (K) before and after exposure to the bones. All samples were directly analyzed at 20x 
dilution. Standard quality assurance procedures were employed, including initial and continuing calibration 
checks and blanks, duplicate samples, preparation blanks, post digestion spiked samples, and laboratory 
control samples. 

2.3 Evaluation of tibia-fibula bone mechanics 
After 5 days of solution exposure, 3-point bend tests were performed on each tibia/fibula complex 

using a Biomomentum Mach-1 system. The tibia/fibula complex was placed in the 3-pt bend system with 
an 8 mm span such that the anterior face underwent tensile loading (Fig 3A). Testing was performed in a 
PBS bath at 37oC. Bones were loaded at a rate of 0.1 mm/s until failure. The forces were measured using a 
25 kg load cell. Post-failure, cross sections of the tibia, were measured using calipers. Measurements were 
made of the width of the posterior, medial, and lateral facet, the distance between the posterior facet and 
the anterior tip (height), as well as the cortical thickness. These values were used to calculate the second 
moment of inertia and average centroid of the bone assuming that it was a triangular tube. Force, 
displacement, and cross-sectional data were input into custom Matlab [29] code developed in our lab to 
calculate structural (maximum force, yield force, stiffness and work) and material (maximum stress, 
resilience, modulus, toughness) mechanical properties. The stiffness of each sample was determined from 
the linear portion of the load-displacement curve and the modulus from the stress-strain curve. The linear 
portion was identified by adjusting a window of points within the load-deformation or stress-strain curve 
to maximize the R2 value for a linear-least-squares regression of the data in the window. Yield force was 
taken as the force at which the curve deviated from the previously determined linear region by more than 
5%. Resilience was determined from the area under the stress-strain curve up to the yield stress/strain. 
Toughness was measured as the total area under the stress-strain curve.   

2.4 Raman  
Raman spectroscopy was used to determine compositional changes in the exterior and interior of 

the tibia after solution exposure. For the bone exterior, 5 measurements were made on the anterior facet of 
the tibia starting from the distal end to the point of fracture. For the interior, six points were measured across 
the fracture surface: one at each point of the triangular cross-section and one between each of the two points. 
The measurements were taken using a Witec alpha 300 Raman Spectrometer with a 785 nm laser at a power 
of ~60 mW. A 50X long range objective was used for both the interior and exterior regions of the bones 
with an acquisition time of 5 x 30s. All the acquired spectra were background and cosmic ray corrected 
using the Witec Project 5.1 program (Fig 4A &5A). 

Each spectrum was fit using Lorentzian curves to fit 8 peaks of interest: the 950, 960, and 1050 
Δcm-1 apatitic phosphate peaks, the 1000 and 1030 Δcm-1 phenylalanine in collagen peak, the 1070 Δcm-1 
carbonate in apatite peak, the 1240 and 1270 Δcm-1 Amide III peaks, the 1450 Δcm-1 CH2 bending peak, 
and the 1640, 1670, and joint 1660 Δcm-1 amide I peaks. The peak areas were then used to calculate ratios 
of interest including the mineral:matrix (950+960/1000) values, the CO3:PO4 ratio (1070/950+960), as well 
as collagen structural ratios such as the 1670/1640 and 1240/1270 ratios which are indicative of 
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denaturation [30], the 1660/1450 that we are using as an indicator of collagen to non-collagenous protein 
ratios, and the 1000/1660 ratio which is indicative of sidechain organization.  

2.5 FTIR 
Fourier Transform Infrared Spectroscopy (FTIR) was used to further analyze compositional 

changes in the bone with solution exposure [31]. After Raman spectroscopy, the bones were placed in a 
vacuum desiccator for ~7 days after which each bone was separately crushed using a clean mortar and 
pestle. This bone powder was then analyzed using a Nicolet MAGNA 560 FTIR spectrometer in Attenuated 
Total Reflection mode. The FTIR spectra was then acquired at a resolution of 4 cm-1 with 64 scans per pixel 
(Fig 4B). The spectra were analyzed using OriginLab software and focused on 3 regions of interest: the 𝜈2 
CO3 band, the 𝜈4 PO4 band, and the amide I band. 𝜈2 CO3 band was deconvolved as 3 peaks centered at 864, 
872, and 880 Δcm-1 which represent the B-type, A-type, and labile carbonate positions respectively. The 𝜈4 
PO4 band was deconvolved as 5 peaks including the 535 Δcm-1non-apatitic HPO4, 550 Δcm-1 apatitic HPO4, 
and 560, 575, and 601 Δcm-1 apatitic PO4 peaks. The Amide 1 peak was deconvolved into 7 peaks: 1610, 
1630, 1635, 1660, 1678, 1693, and 1702 Δcm-1 to measure changes in collagen cross-linking [32].  

2.6 XRD 
Nanoscale structure of the bone was examined via X-ray Diffractions (XRD) using a Bruker D2 

Phaser XRD system operating at 30 kV and 10 mA. Each bone powder was scanned from 20o to 60o 2θ 
with a step size of 0.02/theta at an acquisition rate of 2s/step (Fig 6A). Spectra were compared to standards 
from the International Center for Diffraction Data Powder Diffraction File open database to identify the 
phases. Peaks were then fit using a PseudoVoigt function in the Diffrac.eva program to measure the peaks 
centers and integral breadth. Changes in d-spacing with exposure were calculated from the peak centers. 
Specifically, we used the 002 peak center location to obtain the c-axis d-spacing and the 310 peak location 
for the a-axis d-spacing. The crystal size and microstrain were calculated from the integral breadth using 
the Halder-Wagner Method [33].  

2.7 Statistical Analysis 
Statistical differences in the quantitative measured values were determined as a function of pH 

using one-way ANOVA in Minitab. Significance level of 0.05 was used for all tests. All comparisons used 
one-way ANOVA and Fisher tests for comparison. Data is presented as the mean with error bars 
representing the standard deviation unless otherwise specified in the figure caption. Correlation factors 
were calculated between compositional, chemical, and mechanical factors to determine the relationships 
between the three axes of interest (Fig S4).    

3. Results 

3.1 Acid exposure effects on solution composition and ion exchange 
The pH of the pHi 7.0 and 7.4 solutions remained relatively constant over the 5-day exposure only 

exhibiting slight pH increases compared to the control samples at later time points. However, the pHi 5.5 
solution exhibited a significant increase in pH when exposed to bone at all timepoints (Fig 1B) with a final 
pH of 6.31 after 5 days.   

All the solutions showed an increase in calcium when exposed to bone as compared to controls. 
This increase was much larger at pH 5.5 (>58000 μg/L) than at pH 7.0 or 7.4 (~19000 and 14000 
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μg/L,,respectively) (Fig 1C). Solution potassium levels similarly increased with bone exposure (Fig 1D). 
The change in amount of potassium in solution with exposure seemed to have a linear decrease as pH 
increased. Solution sodium levels decreased at pHi 5.5 and 7.0 but increased at 7.4 (Fig 1E). Finally, the 
solution phosphorus levels increased in all solutions with exposure with similar increases at pHi 5.5 and 7.0 
but smaller changes at pH 7.4 (Fig 1F). The correlation factors for Ca, P, K, and Na as a function of pH 
were all large with the Na exhibiting the only positive correlation while the others were negative (-0.99, -
0.66, -0.99, 0.96 for Ca, P, K, and Na, respectively.    

3.2 Acid exposure effects on bone mechanics 
3-point bend tests were used to determine skeletal mechanics of the tibia/fibula complex. Solution 

exposure had no significant effect on structural mechanical properties including stiffness, maximum force, 
and work-to-fracture irrespective of the solution pH (Fig. S1). Similarly, the cross-sectional area data 
showed that there were no significant differences for the second moment of inertia or average centroid 
between any of the exposed and non-exposed bones (Fig 2B-C). These data were used to calculate the 
material mechanical properties. We found that most of the material mechanical properties were unaffected 
by acid-exposure including maximum stress, modulus, and resilience (Fig 3B-D). However, toughness 
increased significantly by 91.6% and 91.7% for pH 7.0 and 5.5 compared to controls (Fig 3E). 

Correlations between the toughness and the initial pH showed a negative correlation (-0.35, Fig S4) 
by which a decrease in pH lead to an increase in toughness. This increase in toughness is most strongly 
correlated to the mineral content (-0.67) and the width of the Amide I peak (0.54) in the bone exterior. We 
also see a negative correlation between toughness and apatitic HPO4

- (-0.58).  
Although the change in modulus as a function of pH is not significant, it does exhibit some strong 

positive correlations with the width of the Amide I peak in the bone interior (-0.71) and Labile carbonate 
contents (0.53) as well as a negative correlation with Type A carbonate (-0.50).   

3.3 Acid exposure effects on bone composition 
Raman spectroscopy analysis indicated that there were significant decreases in mineral-to-matrix 

content in both the interior and exterior of the bone between pH 7.4 and 5.5, but not relative to controls (Fig 
4C). Mineral to matrix content on the exterior also showed a significant decrease between pH 7.4 and pH 
7.0.  This drop in mineral content was strongly positively correlated to the initial pH when considering the 
bone interior (0.79) but had a much weaker correlation on the bone exterior (0.35). The carbonate content 
of the crystals was unchanged on both the interior and exterior of the bone (Fig 4D). This is in agreement 
with the FTIR data that shows that there is no significant change in the location of the carbonate with 
solution exposure, although there is a trend towards a decrease in A-type CO3 with decreasing pH (Fig 4E). 
Conversely, the FTIR data points to a loss of apatitic HPO4 with decreasing pH with a correlation factor of 
0.61, with a significant loss between control and pH 5.5 (Fig 4F).  

The collagen peaks also showed significant differences with solution exposure (Fig 5A-D). The 
1670/1640 peak on the exterior shows a significant increase between control and pH 5.5 and an increase 
between pH 7.0 and pH 5.5; this is supported by the negative correlation factor between initial pH and 
1670/1640 (Fig 5D). This was accompanied by an increase in the width of the joint 1660 peak (Fig 5E). 
The width of the 1660 peak on the interior had a significant decrease between control and pH 7.4, and a 
significant increase between control and pH 5.5. On the exterior, the width of 1660 had a significant increase 
between control and 5.5, and a strong negative correlation with initial pH (-0.80). In addition, the 1000/1660 
peak also showed a significant decrease between control, pH 7.4 and pH 7.0 versus 5.5 (Fig 5C) with a 
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correlation factor of 0.64. However, there was no significant change between the 1000/1450 peak (Fig S4). 
FTIR data examining indicators of cross-linking found no change in the 1678/1692 peak area ratios (Fig 
5F).        
  
3.4 Acid-exposure effects on bone structure 

The mass of the bones remained unchanged before and after exposure in all solutions (Fig 2A). The 
measured cross-sectional area similarly exhibited no significant change with acid exposure over 5 days (Fig 
2B-C). At the nano-scale, XRD results indicated that neither the c-axis or a-axis of the bone mineral were 
impacted by the exposure to acidic solution (Fig 6A-B). In addition, there was no measured change in the 
bone mineral crystal size nor the intrinsic microstrain (Fig 6C-D).  
  
4. Discussion 
4.1 Mineral contributions to pH buffering and ionic release  
All of the measured solutions showed an increase in pH over time, with the effect having a significantly 
larger magnitude in the more acidic solution, pH 5.5. The increase in pH is indicative of either the release 
of buffering ions from the bone or the sequestration of protons on the mineral surface. Additionally, the 
change in pH 5.5 showed a rapid increase during the first few hours after which a chemical equilibrium 
was reached. The release of these buffering ions, specifically CO3

2- and PO4
3-, from the bone mineral to 

neutralize acidic solutions has been well documented in other ex vivo studies using neonatal calvaria [12, 
34]. The sequestration of protons by bone mineral has been suggested to occur via an exchange of surface 
cations including sodium (Na+) and potassium (K+) [4, 35, 36]. Similar to previous studies [35], we also 
measured an increase in solution K+ suggesting a positive ion flux away from the bone and into solution. 
This removal of K+ from the bone allows for the surface sequestration of H+ and increased solution pH. 
However, we did not measure a similar efflux of sodium from the bone. This is contrary to other in vivo 
and explant studies [4, 36]; however, it is in agreement with studies examining the effect of acid exposure 
in vitro using biomimetic mineral [37]. In both this study and [37], the exposure times are long (3-5 days) 
allowing for crystal maturation and dissolution/reprecipitation processes to occur [38, 39]. These 
processes may lead to preferential reintegration of Na+ into the lattice due to the lack of Ca2+ in the PBS 
solution and it similar ionic radius [40]. This lack of Ca2+ in PBS is one of the limitations of this study 
which makes it less equivalent to in vivo systems. However, this provides important information for the 
storage of bone tissues which is generally done in PBS. In the in vitro systems, the addition of 0.05 g of 
biomimetic mineral to the same solutions used here led to a rapid rise in pH, plateauing in the first hour, 
but with a larger magnitude of change that those seen here (~3 pH units) [37]. This suggests that 
physiochemical dissolution of bone mineral could be sufficient for returning pH to healthy physiological 
levels. However, as we know, bone and soft tissue buffers ~60% of additional protons in the body [41, 
42]. This suggests that the bone structure acts to regulate the ionic release by limiting the surface area of 
available bone mineral.  

The idea that bone is dissolved in solution is supported by the measured increase in solution calcium 
in this ex vivo experiment. Increased blood/solution calcium has been used clinically and in the laboratory 
as an indicator of bone dissolution [43, 44]. The calcium release into solution is significantly larger at pH 
5.5 than pH 7.0 and 7.4 suggesting that less mineral is dissolved at higher pHs. However, this trend is lost 
upon examination of the phosphorus release into solution where the solution phosphorus level is high at all 
pHs. Furthermore, we believe the phosphorus will almost always be released as phosphate ions. The 
released Ca/P ratio is 1.97 for pH 5.5 suggesting a near stoichiometric release of calcium and phosphate 
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from the mineral, indicating congruent mineral dissolution [45]. However, the Ca/P ratios for pH 7.0 and 
7.4 are much lower with values of 0.65 and 0.75, respectively, suggesting that phosphate ions are 
preferentially released from bone more than calcium at higher pHs. Due to the relatively constant mineral 
volume, this also suggests that ionic exchange of surface ions, known as labile or non-apatitic ions, within 
the hydrated amorphous layer on the bone mineral surface may be occurring [46-49]. In this study, we used 
FTIR to determine if apatitic or labile phosphate and carbonate were being removed from the mineral during 
solution exposure at low and high pHs. Although we saw no significant changes between pH groups in the 
change of the labile carbonate amount, we did see a significant correlation constant of 0.55. This is larger 
than the correlation constants seen in the Type A and B carbonate suggesting that there may preferential 
removal of labile carbonate compared to the lattice bound carbonates. Similarly, we expected to see 
differences in the labile HPO4

2- between pH levels; however, the only significant loss was from the apatitic 
HPO4

2- at pH 5.5. Even though all samples at low and high pHs may have some ionic exchange occurring 
within the surface layer, this suggests that dissolution at pH 5.5 primarily removes HPO4 from the apatite 
structure. Mineral HPO4

2-loss is generally associated with mineral maturation or the 
dissolution/reprecipitation of more hydroxyapatite like mineral [50]. These results point to a change in the 
mechanism of ionic release between pH 5.5 and 7.0 from congruent mineral dissolution to ionic exchange 
within the hydrated amorphous layer of the mineral.  

Our hypothesis that the mechanism of ion release from bone is pH dependent is further supported 
by Raman data indicating changes in the mineral-to-matrix ratio, both on the interior and exterior of the 
bone. In the bone exterior, we saw that the mineral:matrix ratio decreased between 7.4 and 5.5 as well as 
7.0. On the interior, we also measured a decrease between pH 7.4 and pH 5.5. These decreases relative to 
pH 7.4 and not the control samples suggests that the mineral content may increase at pH 7.4 as compared 
to control followed by a decrease as the pH decreases. The decrease in mineral at pH 5.5 is well aligned 
with the previous measures that indicate mineral dissolution. However, the relative increase in mineral 
content at pH 7.4 is unexpected. This may suggest that during solution exposure at high pH, the bone 
undergoes precipitation of mineral into the matrix. However, the loss of calcium and phosphate from the 
bone into solution suggests that this is not a case of mineral precipitating from solution. Instead, an ion 
exchange process may be happening at pH 7.4 that is causing the amorphous layer to mature and become 
more crystalline, leading to an increase in the mineral content without requiring an increase in raw mineral 
materials from the solution. Interestingly, similar decreases in mineral:matrix ratios on the bone interior 
were also seen in the in vivo murine models of acidosis. These decreases in mineral content have previously 
been assigned to increased osteoclast activity in the bone during acidosis [16, 51, 52]. However, this ex vivo 
data clearly shows that physiochemical effects of acid exposure are sufficient to decrease the mineral 
content of the bone interior. The mineral loss at both the interior and exterior of the bone suggests that 
solution acid can travel into the bone and cause dissolution throughout. This agrees with numerous studies 
showing that bone has high permeability where small molecules quickly disperse throughout the tissue [53, 
54]. 

Even though there was a change in mineral-to-matrix levels, there was no significant change in 
carbonate-to-phosphate ratios. Others have shown using ex vivo experiments that the conditions of 
metabolic acidosis led to a release of carbonate from the bone resulting in carbonate depletion at the bone 
surface [12, 16, 55]. Similar results have also been seen using in vitro biomimetic apatites [37]. For the ex 
vivo data presented here, the lack of change in CO3:PO4 ratio may suggest that the carbonate and phosphate 
levels may be decreasing at equal rates unlike previous experiments. However, FTIR data saw no 
differences in any of the carbonate peaks when examining the 𝜈2 CO3 band, including labile, type A and 
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type B, at the varying pHs. This seems to support the idea that there may not be notable changes in the 
carbonate levels with solution exposure. However, previous experiments looking at bones in acidosis 
primarily saw changes in carbonate content on the bone surface [12, 55]. Since FTIR was performed on 
powdered bones, it represents an average of values for the exterior and interior bone. Due to the small 
area:volume ratio of bone, it is possible that any differences in carbonate on the bone exterior is negated by 
the total bone powder. However, the significant positive correlation between initial pH and labile carbonate 
(0.55) suggests that despite a lack of significance between groups, there may be preferential removal of 
carbonated apatite.   

XRD is often used to correlate changes in composition, such as carbonate loss to the crystal 
structure [56-58]. However, we saw no change in the d-spacing of the a- and c-axis. This suggests that there 
is no significant change in the crystalline organization and therefore likely no significant change in crystal 
composition after acid exposure [59]. Investigations of acid exposure of synthetic biomimetic apatites, 
previously showed a decrease in the c-axis and an increase in the a-axis which is associated with the loss 
of B-type carbonate [37]. Here the lack of change in carbonate may explain the unchanged mineral 
parameters. Similarly, in vitro experiments showed an increase in crystal size and crystallinity with acid 
exposure, suggesting that the mineral underwent dissolution and reprecipitation [39, 60]. But again, no such 
change was seen in the bones examined here in XRD, possibly due to the use of the whole bone powders 
similar to FTIR. Therefore, it is possible that we may have missed small regions of change. The insignificant 
change in bone mass and cross-section after solution exposure suggests that the total amount of affected 
bone may indeed be quite small compared to the whole bone tissue. Therefore, characterization techniques 
requiring tissue homogenization may fail to pick up on localized or small changes.    
  
4.2 pH impacts on collagen structure 

Although mineral plays a significant role in bone’s ability to regulate pH, collagen and the other 
organics present in bone are also pH sensitive. pH has been shown to have a critical role in controlling 
collagen fibrillogenisis and stability [1-3]. For example, collagen exhibits decreased interfibrillar bonding 
and increased denaturation in acidic pH [2, 61]. To determine if solution exposure caused increased 
denaturation of collagen, we examined the ratios of the 1670/1640 and the 1270/1240 Raman peak areas. 
Although we found that the 1270/1240 ratio remained unchanged, we saw significant increases in the 
1670/1640 ratio of the bone exterior at pH 5.5 compared to both control and pH 7.0. A negative correlation 
(-0.54) between 1670/1640 and pH suggests that exposure of the bone to acidic conditions causes significant 
local collagen denaturation at the bone surface especially in terms of changes to the amide I environment 
[62]. This is further confirmed by examination of the width of the blended 1660 peak, which shows a 
significant increase compared to control at pH 5.5 on both the exterior and interior, as well as a decrease in 
width between control and pH 7.4. Increased width points to a less ordered amide I environment likely 
caused by collagen denaturation and amorphization. In addition, there was a significant decrease in the 
1000/1660 ratio which represents the relative levels of collagen phenylalanine to amide I. Beyond 
denaturation, we were interested in determining whether the bone underwent any significant changes in 
cross-linking with solution exposure. Using the amide I band in FTIR, we were able to examine the relative 
levels of non-enzymatic crosslinks in collagen as a function of solution pH. Using the area ratio of the 1678 
and 1692 peaks we showed that there was a slight, but not statistically significant decrease in the ratio from 
control to 5.5. This suggests that physiochemical exposure to acidic solutions causes localized collagen 
denaturation without inducing significant non-enzymatic cross-linking. The 1660/1450 ratio also shows a 
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significant increase from control, pH 7.4 and pH 7.0 versus pH 5.5. This could be indicative of a decrease 
in non-collagenous proteins relative to the collagen content.   
  
4.3 Mechanical changes in bone  

With both changes in mineral content and collagen structure, we expected there to be significant 
changes in the bone’s mechanical properties as well. The 3-point bend tests performed on the tibias showed 
a significant increase in toughness at both pH 7.0 and 5.5 as compared to control. Toughness is defined as 
energy absorbed by a material before failure and can be controlled by numerous compositional and 
structural factors. The correlation analysis indicates that changes in bone toughness after solution exposure 
were most greatly affects by change in mineral:matrix ratios (C=-0.67). The mineral to matrix ratio is shown 
to decrease with reduced pH suggesting preferential dissolution of the mineral component of bone (Fig 4C). 
The contribution of mineral concentration to toughness is complex and hierarchical [63]. The addition of 
mineral to collagen structures has been associated with an increase in toughness at the nanoscale [64]. 
However, at larger scales, increased mineral content has been associated with decreased toughness 
especially in pathological systems [65]. Most relevant to the data presented here is extensive research 
examining low mineral-containing antler, which has shown that a decrease in mineral content relative to 
the organic matrix leads to an increase in tissue toughness [63, 66, 67]. An increased relative organic content 
allows the bone to more efficiently undergo plastic deformation and microcracking that provide intrinsic 
mechanisms for inhibiting crack propagation and increasing toughness. Interestingly, although the interior 
mineral:matrix ratio is more strongly correlated to pH than the exterior, the toughness is much more strongly 
correlated with the exterior mineral:matrix ratio. This suggests that mineral loss on the bone surface has 
significantly more impact on the bone toughness than any changes to the bone interior. Under bending, we 
expect that the crack will initiate on the surface under tension. A reduction in mineral content at this surface 
could increase the ductility of the material and blunt the crack tip inhibiting propagation. 

The bone toughness is also strongly correlated with the width of the 1660 peak on the bone exterior 
(C=0.54). We find that the exterior 1660 peak width significantly increases with reduced pH. Since 
increasing peak width is an indicator of reduced molecular order this points to acid exposure having a 
significant effect on the collagen structure and organization especially with respect to Amide I. Such a 
reduction in the collagen molecular order could cause an increase in collagen energy absorption resulting 
increased toughness [68, 69]. However, denaturation of collagen, as measured from the ratio of the 
1670/1640 peaks, is generally correlated with a decrease in toughness [62, 70, 71]. This suggests that 
broadening of the 1660 amide I peak and relative ratios of the 1670/1640 peaks do not necessarily represent 
the same changes to the collagen molecular structure. That may explain the lack of correlation between the 
1670/1640 peak ratios and the 1660 peak width. Additionally, collagen cross-linking has been associated 
with an increase in bone toughness [72, 73]. Although increased cross-linking could have provided an 
explanation for the increased toughness, we saw no change in cross-linking at any pH in FTIR. Therefore, 
it is most likely that changes in the molecular organization of the collagen, especially in terms of the amide 
I organization is contributing to crack arrest and increased toughness.  

Together these results suggest that acid induced loss of bone mineral accompanied by a change in 
collagen molecular order at the bone surface are primarily responsible for the decrease in toughness seen 
in the bone.    
  
Limitations:  
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Although we aimed to develop an experimental setting with appropriate controls to isolate the 
chemical effects of acidosis on bone, there are always limitations to such simplified experiments. To start, 
although we selected PBS as a representation of body fluid/storage medium, the lack of calcium and 
certain other ions as well as proteins in the solution makes it an imperfect representation of serum. 
However, true equivalents of body fluid, such as simulated body fluid (SBF), would not have been 
appropriate as they are supersaturated and would have led to the independent precipitation of crystals 
[74]. The addition of proteins would have been required to avoid complex precipitation issues, which 
would have taken away from the goal of measuring purely ionic chemical processes.  

Similarly, a pH of 5.5 is not physiological but was used here to accelerate the bone response and 
represent an extreme situation. The value of 5.5 was selected as it represents the absolute lowest 
physiological pH value seen in hypoxic tumor environments[75, 76]. With this said, this model is used to 
investigate changes in the bone with no cells. This simple environment of PBS with differing pH’s allows 
us to investigate specific variables. This paper will help with further investigations of acidosis and bone, 
as it shows strictly what changes without cells present. Furthermore, the results can offer further analysis 
and confirmation of what occurs in the in vivo models.  

In addition, although experiments were run in sealed tubes, the environment was not truly closed. 
The difficulty in working with a CO2 free environment made this prohibitive. However, the rate of CO2 
uptake by water is relatively slow, time with the tube open was short, and the headspace was maintained 
small; therefore, we do not expect significant contributions from the atmospheric CO2 [77].  
  Finally, the results shown here clearly show that the effects of acid exposure are significantly 
different in the bulk and on the surface of the bones. This resulted in varying results in Raman spectroscopy 
where the two regions were measured independently. However, for XRD and FTIR, the bones were crushed 
into fine powders as required by the lab techniques. Due to this processing and the small surface 
area/volume ratio of the tissues, it is possible that any surface variations were lost when mixed with the less 
affects bone interior. In the future, the use of surface specific techniques such as surface grazing XRD could 
be used to differentiate internal and external effects.  
Conclusion: 

As a composite structure composed of two pH sensitive materials bone is prone to chemical and 
mechanical modifications upon acid exposure both in vivo and in vitro. Here, we present data describing 
the compositional, structural, and mechanical consequences of physiochemical dissolution via acid 
exposure of ex vivo acellular bone. We found that in the absence of cells, bones were able to release 
buffering ions, sequester protons, and regulate pH. However, this led to a decrease in whole bone mineral 
content and an increase in collagen denaturation. Although the elastic properties of the bones remained 
unaffected by changes in pH, the bone toughness was significantly increased with acid exposure. 
Correlation studies suggest that the increased toughness is caused by a decrease in surface mineral content 
as well as increased collagen disorder in response to acid exposure. In conclusion, we found that the 
physiochemical effects of pH dysregulation on bone resulted in significant compositional changes across 
the bone material resulting in significant mechanical consequences.   
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Figure Legends 

Fig 1. Acid exposure induces bone dissolution and ionic release resulting in increased pH. (A) Schematic 
of the experimental setup where ulna-radius and tibia-fibula complexes were exposed to PBS at varying 
initial pHs. (B)  Plot of solution pH as a function of time compared to its respective control solution. (C) 
Change in solution calcium content pre- and post 5 days of bone exposure, (D) Change in solution potassium 
content pre- and post 5 days of bone exposure (E) Change in solution potassium content pre- and post 5 
days of bone exposure (F) Change in solution phosphorus content pre- and post 5 days of bone exposure.  
* indicate p<0.05. 
 
Fig 2. pH did not have a significant effect on bone mass of morphology (A) Plot of percent mass change 
pre- and post-acid exposure. Plot of the (B) second moment of inertia and (C) average centroid of the tibia 
at the fracture site. bar indicates p<0.05. 

Fig 3. Acidosis significantly affected material mechanical properties. (A)Schematic of the steps taken for 
three-point bend mechanical testing. Plots of (B) max stress, (C) modulus, (D) resilience, and (E) 
toughness as a function of solution pH.. bar indicates p<0.05.  

Fig 4. Acidosis affects bone mineral content and composition. (A) Representative Raman spectra of the 
bone surface for the 4 conditions showing the mineral associated peaks. (B) Representative FTIR spectra 
of the bone for the 4 conditions showing the mineral associated peaks. (C) Plot of mineral:matrix ratios 
(950+960/1000 peak area ratios) for the bone interior and exterior from Raman. (D) Plot of CO3:PO4 ratio 
(1070/960 peak area ratio) for the bone interior and exterior from Raman. (E) Plot of the FTIR 𝜈2 carbonate 
band contributions from labile, B-type and A-type carbonate, (F) Plot of the FTIR 𝜈4 phosphate band 
contributions from non-apatitic HPO4, apatitic HPO4, and apatitic PO4. bar indicates p<0.05.  
  
Fig 5. Acidosis affects bone collagen structure. (A) Representative Raman spectra of the bone surface at 
each conditions showing the collagen specific peaks of interest. (B) Plot of the 1660:1450 peak ratio 
representative of relative collagen/non-collagenous protein content from the bone interior and exterior, (C) 
Plot of the 1000:1660 peak ratio representative of the phenylalanine contribution to collagen from the bone 
interior and exterior, (D) Plot of the 1670:1450 peak ratio on interior and exterior and (E) Plot of the width 
of 1660 peak indicating a change in collagen order. (F) Plot of the FTIR 1678:1692 peak ratio as an indicator 
of non-enzymatic cross-linking. bar indicates p<0.05.  
 
Fig 6. The overall atomic order of the bone was not significantly affected by acidosis. (A) Representation 
XRD spectra showing the peaks of interest. XRD measurements of the (B) c-axis and (C) a-axis d-spacing 
were not affected by acid-exposure. Similarly, atomic order parameters such as the (D) crystal size and (E) 
microstrain were similarly unchanged. bar indicates p<0.05.  
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Abstract 
Bone is primarily composed of collagen and apatite, two materials which exhibit a high sensitivity 

to pH dysregulation. As a result, acid exposure of bone, both clinically and in the laboratory is expected to 
cause compositional and mechanical changes to the tissue. Clinically, Metabolic acidosis (MA), a condition 
characterized by a reduced physiological pH, has been shown to have negative implications on bone health, 
including a decrease in bone mineral density and volume as well as increased fracture risk. The addition of 
bone-like apatite to ionic solutions such as phosphate buffered saline (PBS) and media has been shown to 
acidify the solution leading to bone acid exposure. Therefore, is it essential to understand how reduced pH 
physiochemically affects bone composition and in turn its mechanical properties. This study investigates 
the specific changes in bone due to physiochemical dissolution in acid. Excised murine bones were placed 
in PBS solutions at different pHs: a homeostatic pH level (pH 7.4), an acidosis equivalent (pH 7.0), and an 
extreme acidic solution (pH 5.5). After 5 days, the bones were removed from the solutions and characterized 
to determine compositional and material changes. We found that bones, without cells, were able to regulate 
pH via buffering, leading to a decrease in bone mineral content and an increase in collagen denaturation. 
Both of these compositional changes contributed to an increase in bone toughness by creating a more ductile 
bone surface and preventing crack propagation. Therefore, we conclude that the skeletal systems’ 
physiochemical response to acid exposure includes multifaceted and spatially variable compositional 
changes that affect bone mechanics.  
  
Statement of Significance 

Over 2 million people in the US are affected by metabolic acidosis annually leading to 
compromised bone health. Although physiochemical and cell-mediated dissolution have been identified as 
mechanisms responsible for bone loss during acidosis, their relative contributions remain unknown. By 
elucidating the possible contribution of physiochemical dissolution to bone structure, composition, and 
mechanics during acidosis, we can start to isolate the factors that most affect bone health during this disease 
and tailor future improved and targeted treatments.    
  
Key words: Acidosis, Physiochemical, Bone composition, Biomechanics, Bone mineral  
  
Abbreviations 
Metabolic acidosis, MA; Bicarbonate, HCO3; Phosphate, PO4
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1. Introduction 
The primary components of bone, collagen and apatite mineral, both exhibit sensitivity to low pH 

[1-5]. This makes bones prone to structural, compositional, and mechanical modifications during exposure 
to acidic environments. Clinically, conditions that cause reduced blood pH, like metabolic acidosis (MA) 
[6], affect approximately 2 million people in the United States annually [7-10]. In these individuals, the 
kidneys and lungs are no longer able to excrete sufficient acid[6], and  as a result the skeletal system 
undergoes dissolution promoting the release of buffering ions like bicarbonate (HCO3

-) and phosphate 
(PO4

3-) [11, 12]. This results in decreased bone mineral density [13], bone volume [14], and increased 
skeletal defects and fracture rates [15]. Despite the growing incidence of MA, the mechanism of bone 
dissolution and its consequences remain relatively obscure. Studies point to a 2-part mechanism including 
an initial physicochemical bone dissolution resulting from the chemical interactions between protons and 
bioapatite followed by cell-mediated resorption prompted by acid activation of osteoclasts and [16-25]. 
Although there have been numerous studies examining the effects of acid on osteoclast behavior [17-22, 
24, 25]; little has been done to elucidate the physiochemical contributions of acid exposure to bone 
response.  

This is also extremely important in the laboratory environment where bones are often stored in 
ionic solutions like media or phosphate buffered saline solution (PBS) which may undergo acidification. 
Studies have shown that the addition of nanocrystalline calcium deficient apatites, similar to those seen in 
bone, to ionic solutions, including a variety of cell-culture media, results in solution acidification[26, 27]. 
This seems to stem from the release of acidic ionic species from the apatite hydrated layer [26]. Since bone 
mineral exhibits a similar hydrated, non-apatitic surface, it is possible that solution acidification during 
storage of hard skeletal tissues could be a concern.  

Therefore, this study focuses on delineating the physiochemical contributions of acid exposure to 
bone composition and mechanics by eliminating cellular processes and exclusively examining the bone 
response under chemical circumstances. By exclusively examining the effect of physiochemical acid 
exposure on bone chemistry and its secondary effects on mechanics, we will identify the contribution of 
physiochemical dissolution on acid-exposed bone. 

2. Methods 

2.1 Ex vivo acid exposure of murine bones.  
All animal experiments were approved by the UConn Health Center Institutional Animal Care and 

Use Committee. The tibia, fibula, radius, and ulna were excised from previously frozen 4-6-month-old CD-
1 wild type mice and scraped clean of soft tissue. After dissection, the bones were weighed and one of each 
bone was placed in a 15 ml conical tube (Fig 1A). The bones were exposed to 10 ml of 1X Phosphate 
Buffered Saline (PBS) that was titrated to an initial pH (pHi) of 5.5, 7.0 or 7.4 using HCl or NaOH for 5 
days at 5°C. Fluid volumes were selected to promote chemical equilibrium. pH 7.4 is representative of 
physiological pH, pH 7 represents acidotic murine conditions [28], and pH 5.5 represents an acidic extreme 
for comparison. Controls included bones not exposed to any solution and each of the PBS solutions at the 
varying pHi’s without the bones. Each condition was performed in triplicate. Over the course of the 5-day 
exposure, pH testing was performed at 0, 1, 3 and 6 hours after exposure, and every successive 24 hours 
thereafter using a pH probe. After 5 days, the bones and solution solutes were separated via filter paper, the 
bones were weighed and both bones and solute were characterized as described in the following sections. 
Changes in bone mass were measured from the difference in mass before and after solution exposure.  
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2.2 ICPOES 

One solution sample from each experimental and control condition was analyzed for compositional 
changes using a Perkin Elmer 7300DV Dual View Inductively Coupled Plasma – Optical Emission 
Spectrometer (ICP-OES). We specifically examined changes in calcium (Ca), phosphorus (P), sodium (Na), 
and potassium (K) before and after exposure to the bones. All samples were directly analyzed at 20x 
dilution. Standard quality assurance procedures were employed, including initial and continuing calibration 
checks and blanks, duplicate samples, preparation blanks, post digestion spiked samples, and laboratory 
control samples. 

2.3 Evaluation of tibia-fibula bone mechanics 
After 5 days of solution exposure, 3-point bend tests were performed on each tibia/fibula complex 

using a Biomomentum Mach-1 system. The tibia/fibula complex was placed in the 3-pt bend system with 
an 8 mm span such that the anterior face underwent tensile loading (Fig 3A). Testing was performed in a 
PBS bath at 37oC. Bones were loaded at a rate of 0.1 mm/s until failure. The forces were measured using a 
25 kg load cell. Post-failure, cross sections of the tibia, were measured using calipers. Measurements were 
made of the width of the posterior, medial, and lateral facet, the distance between the posterior facet and 
the anterior tip (height), as well as the cortical thickness. These values were used to calculate the second 
moment of inertia and average centroid of the bone assuming that it was a triangular tube. Force, 
displacement, and cross-sectional data were input into custom Matlab [29] code developed in our lab to 
calculate structural (maximum force, yield force, stiffness and work) and material (maximum stress, 
resilience, modulus, toughness) mechanical properties. The stiffness of each sample was determined from 
the linear portion of the load-displacement curve and the modulus from the stress-strain curve. The linear 
portion was identified by adjusting a window of points within the load-deformation or stress-strain curve 
to maximize the R2 value for a linear-least-squares regression of the data in the window. Yield force was 
taken as the force at which the curve deviated from the previously determined linear region by more than 
5%. Resilience was determined from the area under the stress-strain curve up to the yield stress/strain. 
Toughness was measured as the total area under the stress-strain curve.   

2.4 Raman  
Raman spectroscopy was used to determine compositional changes in the exterior and interior of 

the tibia after solution exposure. For the bone exterior, 5 measurements were made on the anterior facet of 
the tibia starting from the distal end to the point of fracture. For the interior, six points were measured across 
the fracture surface: one at each point of the triangular cross-section and one between each of the two points. 
The measurements were taken using a Witec alpha 300 Raman Spectrometer with a 785 nm laser at a power 
of ~60 mW. A 50X long range objective was used for both the interior and exterior regions of the bones 
with an acquisition time of 5 x 30s. All the acquired spectra were background and cosmic ray corrected 
using the Witec Project 5.1 program (Fig 4A &5A). 

Each spectrum was fit using Lorentzian curves to fit 8 peaks of interest: the 950, 960, and 1050 
Δcm-1 apatitic phosphate peaks, the 1000 and 1030 Δcm-1 phenylalanine in collagen peak, the 1070 Δcm-1 
carbonate in apatite peak, the 1240 and 1270 Δcm-1 Amide III peaks, the 1450 Δcm-1 CH2 bending peak, 
and the 1640, 1670, and joint 1660 Δcm-1 amide I peaks. The peak areas were then used to calculate ratios 
of interest including the mineral:matrix (950+960/1000) values, the CO3:PO4 ratio (1070/950+960), as well 
as collagen structural ratios such as the 1670/1640 and 1240/1270 ratios which are indicative of 
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denaturation [30], the 1660/1450 that we are using as an indicator of collagen to non-collagenous protein 
ratios, and the 1000/1660 ratio which is indicative of sidechain organization.  

2.5 FTIR 
Fourier Transform Infrared Spectroscopy (FTIR) was used to further analyze compositional 

changes in the bone with solution exposure [31]. After Raman spectroscopy, the bones were placed in a 
vacuum desiccator for ~7 days after which each bone was separately crushed using a clean mortar and 
pestle. This bone powder was then analyzed using a Nicolet MAGNA 560 FTIR spectrometer in Attenuated 
Total Reflection mode. The FTIR spectra was then acquired at a resolution of 4 cm-1 with 64 scans per pixel 
(Fig 4B). The spectra were analyzed using OriginLab software and focused on 3 regions of interest: the 𝜈𝜈2 
CO3 band, the 𝜈𝜈4 PO4 band, and the amide I band. 𝜈𝜈2 CO3 band was deconvolved as 3 peaks centered at 864, 
872, and 880 Δcm-1 which represent the B-type, A-type, and labile carbonate positions respectively. The 𝜈𝜈4 
PO4 band was deconvolved as 5 peaks including the 535 Δcm-1non-apatitic HPO4, 550 Δcm-1 apatitic HPO4, 
and 560, 575, and 601 Δcm-1 apatitic PO4 peaks. The Amide 1 peak was deconvolved into 7 peaks: 1610, 
1630, 1635, 1660, 1678, 1693, and 1702 Δcm-1 to measure changes in collagen cross-linking [32].  

2.6 XRD 
Nanoscale structure of the bone was examined via X-ray Diffractions (XRD) using a Bruker D2 

Phaser XRD system operating at 30 kV and 10 mA. Each bone powder was scanned from 20o to 60o 2θ 
with a step size of 0.02/theta at an acquisition rate of 2s/step (Fig 6A). Spectra were compared to standards 
from the International Center for Diffraction Data Powder Diffraction File open database to identify the 
phases. Peaks were then fit using a PseudoVoigt function in the Diffrac.eva program to measure the peaks 
centers and integral breadth. Changes in d-spacing with exposure were calculated from the peak centers. 
Specifically, we used the 002 peak center location to obtain the c-axis d-spacing and the 310 peak location 
for the a-axis d-spacing. The crystal size and microstrain were calculated from the integral breadth using 
the Halder-Wagner Method [33].  

2.7 Statistical Analysis 
Statistical differences in the quantitative measured values were determined as a function of pH 

using one-way ANOVA in Minitab. Significance level of 0.05 was used for all tests. All comparisons used 
one-way ANOVA and Fisher tests for comparison. Data is presented as the mean with error bars 
representing the standard deviation unless otherwise specified in the figure caption. Correlation factors 
were calculated between compositional, chemical, and mechanical factors to determine the relationships 
between the three axes of interest (Fig S4).    

3. Results 

3.1 Acid exposure effects on solution composition and ion exchange 
The pH of the pHi 7.0 and 7.4 solutions remained relatively constant over the 5-day exposure only 

exhibiting slight pH increases compared to the control samples at later time points. However, the pHi 5.5 
solution exhibited a significant increase in pH when exposed to bone at all timepoints (Fig 1B) with a final 
pH of 6.31 after 5 days.   

All the solutions showed an increase in calcium when exposed to bone as compared to controls. 
This increase was much larger at pH 5.5 (>58000 μg/L) than at pH 7.0 or 7.4 (~19000 and 14000 
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μg/L,,respectively) (Fig 1C). Solution potassium levels similarly increased with bone exposure (Fig 1D). 
The change in amount of potassium in solution with exposure seemed to have a linear decrease as pH 
increased. Solution sodium levels decreased at pHi 5.5 and 7.0 but increased at 7.4 (Fig 1E). Finally, the 
solution phosphorus levels increased in all solutions with exposure with similar increases at pHi 5.5 and 7.0 
but smaller changes at pH 7.4 (Fig 1F). The correlation factors for Ca, P, K, and Na as a function of pH 
were all large with the Na exhibiting the only positive correlation while the others were negative (-0.99, -
0.66, -0.99, 0.96 for Ca, P, K, and Na, respectively.    

3.2 Acid exposure effects on bone mechanics 
3-point bend tests were used to determine skeletal mechanics of the tibia/fibula complex. Solution 

exposure had no significant effect on structural mechanical properties including stiffness, maximum force, 
and work-to-fracture irrespective of the solution pH (Fig. S1). Similarly, the cross-sectional area data 
showed that there were no significant differences for the second moment of inertia or average centroid 
between any of the exposed and non-exposed bones (Fig 2B-C). These data were used to calculate the 
material mechanical properties. We found that most of the material mechanical properties were unaffected 
by acid-exposure including maximum stress, modulus, and resilience (Fig 3B-D). However, toughness 
increased significantly by 91.6% and 91.7% for pH 7.0 and 5.5 compared to controls (Fig 3E). 

Correlations between the toughness and the initial pH showed a negative correlation (-0.35, Fig S4) 
by which a decrease in pH lead to an increase in toughness. This increase in toughness is most strongly 
correlated to the mineral content (-0.67) and the width of the Amide I peak (0.54) in the bone exterior. We 
also see a negative correlation between toughness and apatitic HPO4

- (-0.58).  
Although the change in modulus as a function of pH is not significant, it does exhibit some strong 

positive correlations with the width of the Amide I peak in the bone interior (-0.71) and Labile carbonate 
contents (0.53) as well as a negative correlation with Type A carbonate (-0.50).   

3.3 Acid exposure effects on bone composition 
Raman spectroscopy analysis indicated that there were significant decreases in mineral-to-matrix 

content in both the interior and exterior of the bone between pH 7.4 and 5.5, but not relative to controls (Fig 
4C). Mineral to matrix content on the exterior also showed a significant decrease between pH 7.4 and pH 
7.0.  This drop in mineral content was strongly positively correlated to the initial pH when considering the 
bone interior (0.79) but had a much weaker correlation on the bone exterior (0.35). The carbonate content 
of the crystals was unchanged on both the interior and exterior of the bone (Fig 4D). This is in agreement 
with the FTIR data that shows that there is no significant change in the location of the carbonate with 
solution exposure, although there is a trend towards a decrease in A-type CO3 with decreasing pH (Fig 4E). 
Conversely, the FTIR data points to a loss of apatitic HPO4 with decreasing pH with a correlation factor of 
0.61, with a significant loss between control and pH 5.5 (Fig 4F).  

The collagen peaks also showed significant differences with solution exposure (Fig 5A-D). The 
1670/1640 peak on the exterior shows a significant increase between control and pH 5.5 and an increase 
between pH 7.0 and pH 5.5; this is supported by the negative correlation factor between initial pH and 
1670/1640 (Fig 5D). This was accompanied by an increase in the width of the joint 1660 peak (Fig 5E). 
The width of the 1660 peak on the interior had a significant decrease between control and pH 7.4, and a 
significant increase between control and pH 5.5. On the exterior, the width of 1660 had a significant increase 
between control and 5.5, and a strong negative correlation with initial pH (-0.80). In addition, the 1000/1660 
peak also showed a significant decrease between control, pH 7.4 and pH 7.0 versus 5.5 (Fig 5C) with a 
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correlation factor of 0.64. However, there was no significant change between the 1000/1450 peak (Fig S4). 
FTIR data examining indicators of cross-linking found no change in the 1678/1692 peak area ratios (Fig 
5F).        
  
3.4 Acid-exposure effects on bone structure 

The mass of the bones remained unchanged before and after exposure in all solutions (Fig 2A). The 
measured cross-sectional area similarly exhibited no significant change with acid exposure over 5 days (Fig 
2B-C). At the nano-scale, XRD results indicated that neither the c-axis or a-axis of the bone mineral were 
impacted by the exposure to acidic solution (Fig 6A-B). In addition, there was no measured change in the 
bone mineral crystal size nor the intrinsic microstrain (Fig 6C-D).  
  
4. Discussion 
4.1 Mineral contributions to pH buffering and ionic release  
All of the measured solutions showed an increase in pH over time, with the effect having a significantly 
larger magnitude in the more acidic solution, pH 5.5. The increase in pH is indicative of either the release 
of buffering ions from the bone or the sequestration of protons on the mineral surface. Additionally, the 
change in pH 5.5 showed a rapid increase during the first few hours after which a chemical equilibrium 
was reached. The release of these buffering ions, specifically CO3

2- and PO4
3-, from the bone mineral to 

neutralize acidic solutions has been well documented in other ex vivo studies using neonatal calvaria [12, 
34]. The sequestration of protons by bone mineral has been suggested to occur via an exchange of surface 
cations including sodium (Na+) and potassium (K+) [4, 35, 36]. Similar to previous studies [35], we also 
measured an increase in solution K+ suggesting a positive ion flux away from the bone and into solution. 
This removal of K+ from the bone allows for the surface sequestration of H+ and increased solution pH. 
However, we did not measure a similar efflux of sodium from the bone. This is contrary to other in vivo 
and explant studies [4, 36]; however, it is in agreement with studies examining the effect of acid exposure 
in vitro using biomimetic mineral [37]. In both this study and [37], the exposure times are long (3-5 days) 
allowing for crystal maturation and dissolution/reprecipitation processes to occur [38, 39]. These 
processes may lead to preferential reintegration of Na+ into the lattice due to the lack of Ca2+ in the PBS 
solution and it similar ionic radius [40]. This lack of Ca2+ in PBS is one of the limitations of this study 
which makes it less equivalent to in vivo systems. However, this provides important information for the 
storage of bone tissues which is generally done in PBS. In the in vitro systems, the addition of 0.05 g of 
biomimetic mineral to the same solutions used here led to a rapid rise in pH, plateauing in the first hour, 
but with a larger magnitude of change that those seen here (~3 pH units) [37]. This suggests that 
physiochemical dissolution of bone mineral could be sufficient for returning pH to healthy physiological 
levels. However, as we know, bone and soft tissue buffers ~60% of additional protons in the body [41, 
42]. This suggests that the bone structure acts to regulate the ionic release by limiting the surface area of 
available bone mineral.  

The idea that bone is dissolved in solution is supported by the measured increase in solution calcium 
in this ex vivo experiment. Increased blood/solution calcium has been used clinically and in the laboratory 
as an indicator of bone dissolution [43, 44]. The calcium release into solution is significantly larger at pH 
5.5 than pH 7.0 and 7.4 suggesting that less mineral is dissolved at higher pHs. However, this trend is lost 
upon examination of the phosphorus release into solution where the solution phosphorus level is high at all 
pHs. Furthermore, we believe the phosphorus will almost always be released as phosphate ions. The 
released Ca/P ratio is 1.97 for pH 5.5 suggesting a near stoichiometric release of calcium and phosphate 
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from the mineral, indicating congruent mineral dissolution [45]. However, the Ca/P ratios for pH 7.0 and 
7.4 are much lower with values of 0.65 and 0.75, respectively, suggesting that phosphate ions are 
preferentially released from bone more than calcium at higher pHs. Due to the relatively constant mineral 
volume, this also suggests that ionic exchange of surface ions, known as labile or non-apatitic ions, within 
the hydrated amorphous layer on the bone mineral surface may be occurring [46-49]. In this study, we used 
FTIR to determine if apatitic or labile phosphate and carbonate were being removed from the mineral during 
solution exposure at low and high pHs. Although we saw no significant changes between pH groups in the 
change of the labile carbonate amount, we did see a significant correlation constant of 0.55. This is larger 
than the correlation constants seen in the Type A and B carbonate suggesting that there may preferential 
removal of labile carbonate compared to the lattice bound carbonates. Similarly, we expected to see 
differences in the labile HPO4

2- between pH levels; however, the only significant loss was from the apatitic 
HPO4

2- at pH 5.5. Even though all samples at low and high pHs may have some ionic exchange occurring 
within the surface layer, this suggests that dissolution at pH 5.5 primarily removes HPO4 from the apatite 
structure. Mineral HPO4

2-loss is generally associated with mineral maturation or the 
dissolution/reprecipitation of more hydroxyapatite like mineral [50]. These results point to a change in the 
mechanism of ionic release between pH 5.5 and 7.0 from congruent mineral dissolution to ionic exchange 
within the hydrated amorphous layer of the mineral.  

Our hypothesis that the mechanism of ion release from bone is pH dependent is further supported 
by Raman data indicating changes in the mineral-to-matrix ratio, both on the interior and exterior of the 
bone. In the bone exterior, we saw that the mineral:matrix ratio decreased between 7.4 and 5.5 as well as 
7.0. On the interior, we also measured a decrease between pH 7.4 and pH 5.5. These decreases relative to 
pH 7.4 and not the control samples suggests that the mineral content may increase at pH 7.4 as compared 
to control followed by a decrease as the pH decreases. The decrease in mineral at pH 5.5 is well aligned 
with the previous measures that indicate mineral dissolution. However, the relative increase in mineral 
content at pH 7.4 is unexpected. This may suggest that during solution exposure at high pH, the bone 
undergoes precipitation of mineral into the matrix. However, the loss of calcium and phosphate from the 
bone into solution suggests that this is not a case of mineral precipitating from solution. Instead, an ion 
exchange process may be happening at pH 7.4 that is causing the amorphous layer to mature and become 
more crystalline, leading to an increase in the mineral content without requiring an increase in raw mineral 
materials from the solution. Interestingly, similar decreases in mineral:matrix ratios on the bone interior 
were also seen in the in vivo murine models of acidosis. These decreases in mineral content have previously 
been assigned to increased osteoclast activity in the bone during acidosis [16, 51, 52]. However, this ex vivo 
data clearly shows that physiochemical effects of acid exposure are sufficient to decrease the mineral 
content of the bone interior. The mineral loss at both the interior and exterior of the bone suggests that 
solution acid can travel into the bone and cause dissolution throughout. This agrees with numerous studies 
showing that bone has high permeability where small molecules quickly disperse throughout the tissue [53, 
54]. 

Even though there was a change in mineral-to-matrix levels, there was no significant change in 
carbonate-to-phosphate ratios. Others have shown using ex vivo experiments that the conditions of 
metabolic acidosis led to a release of carbonate from the bone resulting in carbonate depletion at the bone 
surface [12, 16, 55]. Similar results have also been seen using in vitro biomimetic apatites [37]. For the ex 
vivo data presented here, the lack of change in CO3:PO4 ratio may suggest that the carbonate and phosphate 
levels may be decreasing at equal rates unlike previous experiments. However, FTIR data saw no 
differences in any of the carbonate peaks when examining the 𝜈𝜈2 CO3 band, including labile, type A and 
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type B, at the varying pHs. This seems to support the idea that there may not be notable changes in the 
carbonate levels with solution exposure. However, previous experiments looking at bones in acidosis 
primarily saw changes in carbonate content on the bone surface [12, 55]. Since FTIR was performed on 
powdered bones, it represents an average of values for the exterior and interior bone. Due to the small 
area:volume ratio of bone, it is possible that any differences in carbonate on the bone exterior is negated by 
the total bone powder. However, the significant positive correlation between initial pH and labile carbonate 
(0.55) suggests that despite a lack of significance between groups, there may be preferential removal of 
carbonated apatite.   

XRD is often used to correlate changes in composition, such as carbonate loss to the crystal 
structure [56-58]. However, we saw no change in the d-spacing of the a- and c-axis. This suggests that there 
is no significant change in the crystalline organization and therefore likely no significant change in crystal 
composition after acid exposure [59]. Investigations of acid exposure of synthetic biomimetic apatites, 
previously showed a decrease in the c-axis and an increase in the a-axis which is associated with the loss 
of B-type carbonate [37]. Here the lack of change in carbonate may explain the unchanged mineral 
parameters. Similarly, in vitro experiments showed an increase in crystal size and crystallinity with acid 
exposure, suggesting that the mineral underwent dissolution and reprecipitation [39, 60]. But again, no such 
change was seen in the bones examined here in XRD, possibly due to the use of the whole bone powders 
similar to FTIR. Therefore, it is possible that we may have missed small regions of change. The insignificant 
change in bone mass and cross-section after solution exposure suggests that the total amount of affected 
bone may indeed be quite small compared to the whole bone tissue. Therefore, characterization techniques 
requiring tissue homogenization may fail to pick up on localized or small changes.    
  
4.2 pH impacts on collagen structure 

Although mineral plays a significant role in bone’s ability to regulate pH, collagen and the other 
organics present in bone are also pH sensitive. pH has been shown to have a critical role in controlling 
collagen fibrillogenisis and stability [1-3]. For example, collagen exhibits decreased interfibrillar bonding 
and increased denaturation in acidic pH [2, 61]. To determine if solution exposure caused increased 
denaturation of collagen, we examined the ratios of the 1670/1640 and the 1270/1240 Raman peak areas. 
Although we found that the 1270/1240 ratio remained unchanged, we saw significant increases in the 
1670/1640 ratio of the bone exterior at pH 5.5 compared to both control and pH 7.0. A negative correlation 
(-0.54) between 1670/1640 and pH suggests that exposure of the bone to acidic conditions causes significant 
local collagen denaturation at the bone surface especially in terms of changes to the amide I environment 
[62]. This is further confirmed by examination of the width of the blended 1660 peak, which shows a 
significant increase compared to control at pH 5.5 on both the exterior and interior, as well as a decrease in 
width between control and pH 7.4. Increased width points to a less ordered amide I environment likely 
caused by collagen denaturation and amorphization. In addition, there was a significant decrease in the 
1000/1660 ratio which represents the relative levels of collagen phenylalanine to amide I. Beyond 
denaturation, we were interested in determining whether the bone underwent any significant changes in 
cross-linking with solution exposure. Using the amide I band in FTIR, we were able to examine the relative 
levels of non-enzymatic crosslinks in collagen as a function of solution pH. Using the area ratio of the 1678 
and 1692 peaks we showed that there was a slight, but not statistically significant decrease in the ratio from 
control to 5.5. This suggests that physiochemical exposure to acidic solutions causes localized collagen 
denaturation without inducing significant non-enzymatic cross-linking. The 1660/1450 ratio also shows a 
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significant increase from control, pH 7.4 and pH 7.0 versus pH 5.5. This could be indicative of a decrease 
in non-collagenous proteins relative to the collagen content.   
  
4.3 Mechanical changes in bone  

With both changes in mineral content and collagen structure, we expected there to be significant 
changes in the bone’s mechanical properties as well. The 3-point bend tests performed on the tibias showed 
a significant increase in toughness at both pH 7.0 and 5.5 as compared to control. Toughness is defined as 
energy absorbed by a material before failure and can be controlled by numerous compositional and 
structural factors. The correlation analysis indicates that changes in bone toughness after solution exposure 
were most greatly affects by change in mineral:matrix ratios (C=-0.67). The mineral to matrix ratio is shown 
to decrease with reduced pH suggesting preferential dissolution of the mineral component of bone (Fig 4C). 
The contribution of mineral concentration to toughness is complex and hierarchical [63]. The addition of 
mineral to collagen structures has been associated with an increase in toughness at the nanoscale [64]. 
However, at larger scales, increased mineral content has been associated with decreased toughness 
especially in pathological systems [65]. Most relevant to the data presented here is extensive research 
examining low mineral-containing antler, which has shown that a decrease in mineral content relative to 
the organic matrix leads to an increase in tissue toughness [63, 66, 67]. An increased relative organic content 
allows the bone to more efficiently undergo plastic deformation and microcracking that provide intrinsic 
mechanisms for inhibiting crack propagation and increasing toughness. Interestingly, although the interior 
mineral:matrix ratio is more strongly correlated to pH than the exterior, the toughness is much more strongly 
correlated with the exterior mineral:matrix ratio. This suggests that mineral loss on the bone surface has 
significantly more impact on the bone toughness than any changes to the bone interior. Under bending, we 
expect that the crack will initiate on the surface under tension. A reduction in mineral content at this surface 
could increase the ductility of the material and blunt the crack tip inhibiting propagation. 

The bone toughness is also strongly correlated with the width of the 1660 peak on the bone exterior 
(C=0.54). We find that the exterior 1660 peak width significantly increases with reduced pH. Since 
increasing peak width is an indicator of reduced molecular order this points to acid exposure having a 
significant effect on the collagen structure and organization especially with respect to Amide I. Such a 
reduction in the collagen molecular order could cause an increase in collagen energy absorption resulting 
increased toughness [68, 69]. However, denaturation of collagen, as measured from the ratio of the 
1670/1640 peaks, is generally correlated with a decrease in toughness [62, 70, 71]. This suggests that 
broadening of the 1660 amide I peak and relative ratios of the 1670/1640 peaks do not necessarily represent 
the same changes to the collagen molecular structure. That may explain the lack of correlation between the 
1670/1640 peak ratios and the 1660 peak width. Additionally, collagen cross-linking has been associated 
with an increase in bone toughness [72, 73]. Although increased cross-linking could have provided an 
explanation for the increased toughness, we saw no change in cross-linking at any pH in FTIR. Therefore, 
it is most likely that changes in the molecular organization of the collagen, especially in terms of the amide 
I organization is contributing to crack arrest and increased toughness.  

Together these results suggest that acid induced loss of bone mineral accompanied by a change in 
collagen molecular order at the bone surface are primarily responsible for the decrease in toughness seen 
in the bone.    
  
Limitations:  
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Although we aimed to develop an experimental setting with appropriate controls to isolate the 
chemical effects of acidosis on bone, there are always limitations to such simplified experiments. To start, 
although we selected PBS as a representation of body fluid/storage medium, the lack of calcium and 
certain other ions as well as proteins in the solution makes it an imperfect representation of serum. 
However, true equivalents of body fluid, such as simulated body fluid (SBF), would not have been 
appropriate as they are supersaturated and would have led to the independent precipitation of crystals 
[74]. The addition of proteins would have been required to avoid complex precipitation issues, which 
would have taken away from the goal of measuring purely ionic chemical processes.  

Similarly, a pH of 5.5 is not physiological but was used here to accelerate the bone response and 
represent an extreme situation. The value of 5.5 was selected as it represents the absolute lowest 
physiological pH value seen in hypoxic tumor environments[75, 76]. With this said, this model is used to 
investigate changes in the bone with no cells. This simple environment of PBS with differing pH’s allows 
us to investigate specific variables. This paper will help with further investigations of acidosis and bone, 
as it shows strictly what changes without cells present. Furthermore, the results can offer further analysis 
and confirmation of what occurs in the in vivo models.  

In addition, although experiments were run in sealed tubes, the environment was not truly closed. 
The difficulty in working with a CO2 free environment made this prohibitive. However, the rate of CO2 
uptake by water is relatively slow, time with the tube open was short, and the headspace was maintained 
small; therefore, we do not expect significant contributions from the atmospheric CO2 [77].  
  Finally, the results shown here clearly show that the effects of acid exposure are significantly 
different in the bulk and on the surface of the bones. This resulted in varying results in Raman spectroscopy 
where the two regions were measured independently. However, for XRD and FTIR, the bones were crushed 
into fine powders as required by the lab techniques. Due to this processing and the small surface 
area/volume ratio of the tissues, it is possible that any surface variations were lost when mixed with the less 
affects bone interior. In the future, the use of surface specific techniques such as surface grazing XRD could 
be used to differentiate internal and external effects.  
Conclusion: 

As a composite structure composed of two pH sensitive materials bone is prone to chemical and 
mechanical modifications upon acid exposure both in vivo and in vitro. Here, we present data describing 
the compositional, structural, and mechanical consequences of physiochemical dissolution via acid 
exposure of ex vivo acellular bone. We found that in the absence of cells, bones were able to release 
buffering ions, sequester protons, and regulate pH. However, this led to a decrease in whole bone mineral 
content and an increase in collagen denaturation. Although the elastic properties of the bones remained 
unaffected by changes in pH, the bone toughness was significantly increased with acid exposure. 
Correlation studies suggest that the increased toughness is caused by a decrease in surface mineral content 
as well as increased collagen disorder in response to acid exposure. In conclusion, we found that the 
physiochemical effects of pH dysregulation on bone resulted in significant compositional changes across 
the bone material resulting in significant mechanical consequences.   
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Figure Legends 

Fig 1. Acid exposure induces bone dissolution and ionic release resulting in increased pH. (A) Schematic 
of the experimental setup where ulna-radius and tibia-fibula complexes were exposed to PBS at varying 
initial pHs. (B)  Plot of solution pH as a function of time compared to its respective control solution. (C) 
Change in solution calcium content pre- and post 5 days of bone exposure, (D) Change in solution potassium 
content pre- and post 5 days of bone exposure (E) Change in solution potassium content pre- and post 5 
days of bone exposure (F) Change in solution phosphorus content pre- and post 5 days of bone exposure.  
* indicate p<0.05. 
 
Fig 2. pH did not have a significant effect on bone mass of morphology (A) Plot of percent mass change 
pre- and post-acid exposure. Plot of the (B) second moment of inertia and (C) average centroid of the tibia 
at the fracture site. bar indicates p<0.05. 

Fig 3. Acidosis significantly affected material mechanical properties. (A)Schematic of the steps taken for 
three-point bend mechanical testing. Plots of (B) max stress, (C) modulus, (D) resilience, and (E) 
toughness as a function of solution pH.. bar indicates p<0.05.  

Fig 4. Acidosis affects bone mineral content and composition. (A) Representative Raman spectra of the 
bone surface for the 4 conditions showing the mineral associated peaks. (B) Representative FTIR spectra 
of the bone for the 4 conditions showing the mineral associated peaks. (C) Plot of mineral:matrix ratios 
(950+960/1000 peak area ratios) for the bone interior and exterior from Raman. (D) Plot of CO3:PO4 ratio 
(1070/960 peak area ratio) for the bone interior and exterior from Raman. (E) Plot of the FTIR 𝜈𝜈2 carbonate 
band contributions from labile, B-type and A-type carbonate, (F) Plot of the FTIR 𝜈𝜈4 phosphate band 
contributions from non-apatitic HPO4, apatitic HPO4, and apatitic PO4. bar indicates p<0.05.  
  
Fig 5. Acidosis affects bone collagen structure. (A) Representative Raman spectra of the bone surface at 
each conditions showing the collagen specific peaks of interest. (B) Plot of the 1660:1450 peak ratio 
representative of relative collagen/non-collagenous protein content from the bone interior and exterior, (C) 
Plot of the 1000:1660 peak ratio representative of the phenylalanine contribution to collagen from the bone 
interior and exterior, (D) Plot of the 1670:1450 peak ratio on interior and exterior and (E) Plot of the width 
of 1660 peak indicating a change in collagen order. (F) Plot of the FTIR 1678:1692 peak ratio as an indicator 
of non-enzymatic cross-linking. bar indicates p<0.05.  
 
Fig 6. The overall atomic order of the bone was not significantly affected by acidosis. (A) Representation 
XRD spectra showing the peaks of interest. XRD measurements of the (B) c-axis and (C) a-axis d-spacing 
were not affected by acid-exposure. Similarly, atomic order parameters such as the (D) crystal size and (E) 
microstrain were similarly unchanged. bar indicates p<0.05.  
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Initial 
pH

Final 
pH Toughness

Max 
Stress Modulus

CO32- 
Interior 

CO32- 
Exterio

r 
Min:Mat 
Interior

Min:Mat 
Exterior

1000/1660 
Interior

1000/1660 
Exterior

1660:1450 
Interior

1660:1450 
Exterior 

1660 
Width 
Interior 

1660 
Width 
Exterior

1670/1640 
Interior

1670/1640 
Exterior Labile Type B Type A

Non 
apatitic 
HPO4- 

Apatitic 
HPO4-

Initial pH 1 0.99 -0.32 -0.11 0.07 -0.05 0.10 0.79 0.35 0.47 0.64 -0.74 0.17 0.01 -0.80 0.16 -0.54 0.55 -0.31 -0.42 -0.01 0.61

Final pH 1.00 -0.35 -0.13 0.06 -0.10 0.13 0.82 0.38 0.49 0.64 -0.69 0.11 -0.05 -0.79 0.10 -0.49 0.53 -0.24 -0.44 0.01 0.61

Toughness 1.00 0.71 -0.07 0.26 0.00 0.28 -0.67 -0.45 -0.11 0.23 -0.11 0.36 0.54 -0.16 0.44 0.22 0.20 -0.26 0.06 -0.58

Max Stress 1.00 0.48 0.29 -0.03 0.30 -0.28 -0.47 -0.02 0.35 0.36 -0.23 0.25 -0.31 0.18 0.48 0.09 -0.43 0.11 -0.44

Modulus 1.00 0.30 -0.11 -0.11 0.18 -0.10 -0.04 0.48 0.58 -0.71 -0.44 -0.25 -0.33 0.53 0.17 -0.50 0.25 -0.16
CO32- 

Interior 1.00 -0.56 -0.23 -0.34 -0.05 -0.05 -0.18 0.02 0.13 0.13 0.29 -0.13 0.51 -0.35 -0.26 -0.13 -0.10
CO32- 

Exterior 1.00 0.30 0.36 0.32 -0.25 0.19 0.08 0.16 0.30 -0.12 0.35 -0.31 0.20 0.17 0.58 -0.09

Min:Mat 
Interior 1.00 0.17 0.24 0.38 -0.29 -0.09 0.12 -0.19 -0.18 0.00 0.17 0.05 -0.16 0.21 0.10

Min:Mat 
Exterior 1.00 0.57 -0.04 -0.07 -0.07 -0.43 -0.35 -0.19 -0.22 -0.26 -0.03 0.22 0.49 0.36

1000/1660 
Interior 1.00 -0.06 -0.23 -0.34 0.09 -0.28 0.36 -0.27 0.04 0.37 -0.19 0.56 0.01

1000/1660 
Exterior 1.00 -0.32 -0.03 -0.15 -0.32 0.09 0.05 0.45 -0.16 -0.30 -0.42 0.63

1660:1450 
Interior 1.00 0.05 -0.37 0.35 -0.37 0.38 0.01 0.46 -0.21 0.39 -0.37

1660:1450 
Exterior 1.00 -0.38 -0.32 -0.05 -0.47 0.18 -0.22 -0.05 -0.14 -0.01
1660 
Width 
Interior 1.00 0.31 0.58 0.19 -0.26 -0.27 0.33 0.06 -0.02
1660 
Width 
Exterior 1.00 -0.10 0.81 -0.22 0.21 0.09 0.04 -0.44

1670/1640 
Interior 1.00 -0.25 0.19 -0.28 -0.03 0.05 0.21

1670/1640 
Exterior 1.00 -0.07 0.14 0.00 0.05 -0.09

Labile 1.00 0.22 -0.90 -0.09 -0.14

Type B 1.00 -0.61 0.33 -0.67

Type A 1.00 -0.07 0.41

Non 
apatitic 
HPO4- 1.00 -0.25

Apatitic 
HPO4- 1.00

Table 1: Correlation table showing the correlation factors relating pH, bone composition and bone mechanics. 


